Glucuronidase production as an indicator of the presence of the bacterium Escherichia coli in water samples. by Steane, Elizabeth.
M  o o o  4 ^
6848145
UNIVERSITY OF SURREY LIBRARY
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this rep roduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a c o m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria! had to be rem oved,
a n o te  will ind ica te  the de le tion .
Published by ProQuest LLC(2017). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C ode
M icroform  Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 481 06 - 1346
FARNBOROUGH COLLEGE OF TECHNOLOGY  
SCHOOL OF ENVIRONM ENTAL M ANAG EM ENT
Glucuronidase production as an indicator of the 
presence of the bacterium Escherichia coli in 
water samples
by Elizabeth Steane
Being a Dissertation Presented to the University of Surrey in partial 
fulfilment for the Award of the Degree of Master of Philosophy
1998
Abstract
This investigation was an endeavour to determine whether the presence of 
viable and culturable cells of the bacterium Escherichia coli, as determined by 
J3-D-glucuronidase production, can be used as a suitable indicator of the 
wholesome quality of potable water, as required by current legislation.
The presence of Escherichia coli may be taken to indicate faecal contamination, 
with its associated health hazards, although its absence does not indicate the 
absence of other potentially pathogenic organisms such as viruses or 
protozoa, which persist longer in environmental waters.
During this study, a variety of different strains of Escherichia coli, both of 
environmental and clinical origin, were tested repeatedly on different 
substrates to determine both reliability and reproducibility of 
{I-D-glucuronidase activity as a measure of contamination.
It was found that testing for E. coli by the hydrolysis of 4-methylumbelliferyl 
p-D-glucuronide (MUG) incorporated into bacteriological media was reliable 
in approximately 90% of cases.
The presence of glucuronidase was easily demonstrated due to the 
appearance of the fluorescent hydrolysis product 4-methylumbelliferone in 
media containing MUG at a concentration of 50 mg per litre. The appearance 
of fluorescence was faster with this substrate than the other chromogenic 
media studied. Lactose delayed this reaction, and coloured indicators 
masked the fluorescence.
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11.0 Introduction
1.1 General Introduction
Life is thought to have originated in water, and it is considered to be a 
prerequisite for the continued existence of all forms of life known on Earth 
today. The bodies of these organisms contain water. For instance, the human 
body as a whole consists of about 60% water, and this water is found widely 
distributed inside cells. Cytoplasm of most cells contains about 80% of water.
However, water is not an inert component inside living organisms. For 
example, water is a reactant in hydrolysis reactions which are the basis of 
digestion. The various metabolic reactions which occur inside and outside 
cells take place in an aqueous medium. Although it is a simple compound of 
hydrogen and oxygen, water has some special chemical and physical 
properties which make it well suited to support life. Water can act as a 
solvent for ionic substances as well as colloidal substances and to a lesser 
extent covalently bonded substances such as organic compounds. Water has 
a high thermal capacity, and this temperature buffering effect minimises 
temperature fluctuations which would be deleterious to life.
The fact that water is normally a liquid means that it can flow and carry 
other substances with it, either in solution or suspension. When converted to 
water vapour, it is able to spread more widely through the atmosphere and 
when condensed it reforms afresh into flowing liquid water.
From a human perspective, a continuous supply of fresh water is essential as 
a dietary requirement and also for basic hygiene, but increasingly it is used 
for other purposes. Its use in washing has been extended through the 
adoption of domestic washing machines and dishwashers, and many 
sewerage systems employ water as transport medium.
Many organisms live within water, but some are so small as to be invisible 
to the naked eye. Bacteria and protozoans may pass unnoticed into water 
and as a result of their own activities they may alter the acceptability of 
water for use by other organisms, including Man.
21.2 Water and pollution
Of the world's estimated 5.7 billion inhabitants, only slightly more than one 
third have access to a steady supply of high quality drinking water. Another 
third draw from an unreliable supply of water, while the remainder are 
forced to cover their daily needs with a wholly inadequate supply of sub­
standard water (World Health Organisation, 1992). It is not surprising to 
learn that more than 2 billion people worldwide are suffering from diseases 
transmitted by contaminated drinking water.
Rainwater falling to the ground is initially relatively pure, having been 
through the equivalent of a distillation process. This water is then affected by 
the ground onto which it falls, the soil through which it percolates, and the 
contamination it encounters on its way to the water course which may 
increase the microbial load (Dadswell, 1991). This is summarised in the 
hydrological cycle (see Figure I).
70% of the European Economic Community's drinking water and 25-30% of 
the United Kingdom's supply is extracted from underground sources (Haigh, 
1997). It is usually of better quality than surface water and often only 
requires chlorination before being put into a water supply (Anon, 1995).
Groundwater (as defined by the Water Industry Act 1991) is water which is 
contained in underground strata or which is derived directly and solely from 
boreholes, wells, audits or other means of abstracting from underground 
aquifers such as river gravels. Groundwater feeds wells, boreholes and 
rivers and provides a large proportion of water supplies. Any substance 
leaking onto the surface of the ground can potentially contaminate the 
underlying ground water.
The majority of polluting nutrients enter watercourses and lakes in effluents 
from sewage works, in industrial sewage or from farming activities.
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4Sources may be individual or diffuse, such as from farmland within the 
catchment (Mason, 1986). Stiles and Crohurst (1923) observed during a 
period of two years that viable bacteria from flooded benches travelled 71m 
in permeable soils in the direction of groundwater flow.
Caldwell and Parr (1937) reported that bacterial pollutants originating in a 
bored hole "latrine" travelled less than 1.2 metres per day in soil of low 
permeability, compared with more than 3.0m/day in highly permeable soils. 
E. coli travelled through fine and coarse sand to a depth of 4 m and 
horizontally through 24.4 m.
Mailman and Mack (1961) studied the location of a well that was actually 
located in permeable soil 3m from a septic seepage field. Bacteria introduced 
into the seepage field travelled 3m in 2 days and 6.1m in 3 days, and were 
still detected in the well after 10 days. Sinton (1986) studied the horizontal 
movement of faecal coliforms and reported that the organisms could travel 
up to 9m through gravel with sand and clay and up to 42m through 
saturated gravels.
Groundwater can become polluted from agricultural and industrial activities 
on the surface and by discharge into rivers causing pollution.
In 1995 the major sources of water pollution were said to be agriculture 
(12%) industry (26%) and sewage (30%) (Anon, 1994).
Slurry, manure, silage liquor and even dairy products cause the rapid 
removal of oxygen from water. At present the Government is consulting 
with the Environment Agency and farmers to amend water pollution 
controls on the production and storage of silage.
Pesticides and sheep dips can render underground water supplies unfit for 
use, sheep dips have been implicated in many pollution incidents. The 
Environment Agency and the Scottish Environmental Protection Agency 
report an increase in sheep dip pollution (ENDS 263, 1996). The reason 
appears to be a shift away from the traditional organophosphate dips (which
5have been claimed to cause extreme fatigue and depression in farmers) to the 
pyrethroid dips such as cypermethrin. The pyrethroid dips are, however, 
more toxic to aquatic life and thus affect the microbiological loading of the 
water.
For example, in July 1995, three kilometres of the river Teviot in the Scottish 
Borders were affected by an accidental discharge of a cypermethrin based 
dip. More than 1000 fish, mainly trout, were killed. Furthermore, in April 
1996, stoneflies, mayflies and freshwater shrimps were almost eliminated 
from 30 km of the river Calder in Cumbria. In the same month 25 km of the 
river Earn in Perthshire were affected. There was a massive loss of 
invertebrates due to cypermethrin in the watercourse (ENDS 263,1996).
Agricultural pesticides are applied on or just below the soil surface, and 
pesticides in solution can be carried in recharging water to groundwater 
(Carsil and Smith, 1987).
Fertilizers, if not stored safely and applied properly, can cause damage to 
underground water sources.
Studies by the Department of Agriculture for Northern Ireland suggest that 
water bodies in the United Kingdom are under threat from increasing 
phosphorus inputs from agriculture (ENDS 254,1996).
Fish farming (primarily for salmonids) poses potential problems as they are 
located in areas where nutrient runoff is naturally fairly low and water 
quality is high. Phosphorus output is in the region of 10-20 kg per tonne of 
fish produced (Solbe, 1987).
According to Henderson-Sellars and Markland (1987), intensification of 
agriculture has disrupted the "symbiotic" relationship between animals and 
the land, resulting in large volumes of waste which is discharged to waste 
land, quarries, lagoons and watercourses. These wastes which are nutrient 
rich exert a high biological, chemical and nitrifying oxygen demand upon the 
receiving environment.
6Urban runoff into surface drains can contaminate the groundwater. Surface 
or clean water drains carry unconlaminated rainwater. These lead directly to 
local rivers, streams or soak-aways. Water entering surface drains is not 
treated. Waste water from factories (and homes) is discharged to foul drains 
which carry contaminated waste water to sewage works for treatment 
(Environment Agency, 1996).
Natural ecological conditions in the aquatic environment are frequently 
disturbed by the discharge of sewage and wastewaters. The survival of 
intestinal bacteria in aquatic ecosystems is affected by the presence and 
development of phytoplankton and zooplankton, the content of dissolved 
organic substances (Mitchell, 1968; Zmyslowska, 1993), temperature and the 
effect of solar radiation on bacteria (El-Sharkawi eta l,1989).
Micro-organisms are the first among the aquatic biota to be affected by any 
variation in the water quality of the water they inhabit (Pathak and 
Bhattacherjee, 1994). Electric power generators have had a great impact on 
water quality. The water used for cooling plants has been subject to 
temperature changes, chemical changes and biological changes before 
release into the environment. It has been shown that environmental stress 
due to alterations in temperature, pH, trophic state and concentration of 
various chemicals associated with aquatic pollution have been found to 
affect microbial survival (Bissonnette et a l, 1975; Gorden and Fliermans, 
1978; Mancini, 1978; Klein and Alexander, 1986). The number of 
heterotrophic bacteria has been seen to rise due to temperature increase and 
changes in pH.
Eutrophication is a common result of this contamination. The term 
eutrophication defines the nutrient enrichment of aquatic systems and the 
resultant impact (Marsden et a l, 1997). The term is used to describe the 
biological effects of an increase in the concentration of plant nutrients on 
aquatic ecosystems. Bacterial biomass and production rises as a result of an 
increase in nutrients which bacteria may absorb directly in competition with
7algae. Eutrophication of waters may cause interference with fishing, sailing 
and swimming due to surface scum caused by algal blooms (Codd et al, 
1991).
Algal blooms occur on 70% of reservoirs world-wide (Henderson-Sellars and 
Markland, 1987). 'Blooms' are growth of blue-green algae which occur more 
frequently in industrialised water systems when the ecological balance of 
lakes and estuaries are disturbed. This can be due to the inflow of nutrients 
such as nitrates and phosphates from fertilizers used in modern agriculture 
and in sewage outlets (ENDS 254,1996).
Raw surface water contains high numbers of cyanobacteria such as 
Microcystis aeruginosa, Anabaena flos-aqme and Osciltatoria. Many of these 
produce allergenic, hepatotoxic, neurotoxic and tumour promoting 
chemicals. (Carmichael, 1989, Falconer and Buckley, 1989). These 
hepatotoxins, also called microcystins, have been isolated from freshwater 
environments (Sivonen eta l,1992).
The decaying algae, when washed ashore, smell highly offensive and the 
large number of midges which emerge from these wastes are also a 
nuisance. Insecticides, if used to control midge numbers, can also cause 
disruption to other organisms including fish, which may also add to the 
pollution of the watercourse.
Clostridium botulmum, a bacterium which grows in sediments of shallow 
eutrophic lakes, releases a toxin during periods of hot weather. In the early 
1980's on the Norfolk Broads, these bacteria proliferated in the bottom muds 
of the eutrophic water and were responsible for the deaths of thousands of 
wild fowl (Henderson- Sellars and Markland, 1987).
Dadswell (1991) suggested that water quality is a factor which will require 
consideration due to the possible release of genetically engineered 
microorganisms into the environment and the increasing evidence of 
organisms containing antibiotic resistant plasmids that may gain access to
the water supplies. Changes in medical practice have resulted in an 
increased proportion of the population with suppressed immune systems 
and a greater susceptibility to infection.
Pathak and Bhattacherjee (1994) studied the effects of the disposal of 
municipal waste causing faecal contamination of aquatic environments. 
Most of the faecal bacteria were genetically altered. This was particularly 
true in respect of resistance to antibiotics and tolerance to heavy metals. 
Pathak and Bhattacherjee (1994) tested two strains of E. coli isolated from 
the Gomati river in India. One strain showed resistance to ampicillin, 
chloramphenicol, streptomycin and tetracycline, along with a tolerance for 
mercury and chromium, while the other was susceptible to those antibiotics 
and metals. Pathak and Bhattacherjee (1994) considered that the growth and 
survival of susceptible organisms are more affected by pollutants than those 
resistant to antibiotics, metals and/or other aquatic pollutants. The survival 
of such resistant and pathogenic organisms in natural aquatic environments 
is a serious matter, as antibiotic resistant pathogens may pose risks to public 
health.
Genetically engineered micro-organisms (GEMs) are being developed in 
waste treatment technologies, to improve the standards of environmental 
effluents, as biological pest controls and fertilizers (Miller, 1993). As any 
GEMs released into any environment have the potential of entering aquatic 
habitats through run-off or transport through groundwater systems it is 
obvious that there is the possibility or potential for gene transfer and 
alteration in the environment. This is known to take place by means of three 
main methods, transformation, conjugation and transduction. 
Transformation is a mechanism of horizontal gene transfer in which living 
bacterial cells acquire different genetic elements from their surroundings. 
According to Miller (1993) "natural competence" can develop. This is a 
physiological state which allows the absorption of genetic material through 
the cellular envelope.
9Conjugation is a process which allows unidirectional transfer of DNA from a 
donor cell to a recipient cell of the same or different species (Miller, 1993).
Several studies have recently addressed the potential for conjugal transfer in 
the waste treatment environment, Altheer and Kasweclc (1982) introduced an 
antibiotic resistant strain of Escherichia coli, isolated from a sewage treatment 
plant, to measure transfer of an antibiotic resistant plasmid to an antibiotic 
sensitive environmental E. coli isolate. In this in situ experiment, transfer was 
observed at significant rates, only slightly lower than the rates observed in 
laboratory couplings between the two bacteria. Transduction may be the 
most widespread method of gene transfer between bacteria. When a 
bacteriophage infects a cell it has two possible fates, the lytic or lysogenic 
response.
In the lytic response, viral proteins are produced within the cell which are 
assembled into protein shells called capsids. Viral specific nucleic acid is then 
packaged into the capsid to form a virion. The host cell then lyses releasing 
phage particles and the cycle can be repeated.
In the lysogenic response, the viral genome (prophage) is maintained within 
the host and replicated with the host genome. Transduction has previously 
been demonstrated in freshwater environments. Morrison et al (1978) 
observed transduction of chromosomally encoded streptomycin resistance in 
flow through chambers suspended in freshwater lakes. Coliphage mediated 
transduction has been documented in synthetic wastewater (Osmond and 
Grant, 1988) where both laboratory strains of E. coli and those isolated from 
sewage treatment works were used as recipients.
1.3 Water-borne diseases
The World Health Organisation (1992) has categorised water-associated 
diseases on the basis of their dependence on water (see Table 1.1).
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Table 1.1
Examples of water-related infections with estimates of morbidity, mortality 
and population at risk
Disease Morbidity Mortality
(no of deaths per
year)
Population at 
risk
Waterborne and water-washed
Diarrhoeal diseases (including 
salmonellosis, shigellosis, 
Campylobacter, E. coli, rotavirus, 
amoebiasis and giardiasis)
Over 1500 million 
episodes in children 
under 5 years
4 million in 
children under 5 
years
more than 2000 
million
Enteric fevers 500 000 cases; 25 000
(paratyphoid, typhoid 1 million infections 
(1977-8)
Poliomyelitis 204 000 (1990) 25 000
Ascariasis (roundworm) 800-1000 million cases; 
1 million cases of 
disease
20 000
Water-washed
Skin and eye infections
Trachoma 6-9 million people 
blind
500 million
Leishmaniasis 12 million infected; 
400 000 new 
infections/year
350 million
Water-based
Penetrating skin
Schistosomiasis (bilharzia) 200 million 200 000 500-600 million
Dranunculiasis (guinea worm) over 10 million over 100 million
Water-related insect vectors
Biting near water
African trypanosomiasis 
(sleeping sickness)
200 000 new cases 
annually (thought to 
be an under-estimate
50 million
Breeding in xoater
Lymphatic filiariasis 90 million 900 million
Malaria 267 million (104 
million clinical cases)
1-2 million 
(three-quarters in 
childi*en under 5)
2100 million
Onchocerciasis (river blindness) 18 million (over 300 
000 blind)
20 00 - 50 000 85 -90 million
yellow fever 10 000 - 25 000
Dengue fever (breakbone fever) 30-60 million infected 
eveiy year
From: Report of the W H O  commission on Health and the Environment (2992)
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Waterborne diseases arise from the contamination of water by human or 
animal excreta releasing pathogenic viruses or bacteria. Cholera, typhoid 
and leptospirosis are classic examples of this type of disease. Cholera 
remains a serious problem worldwide. It had been assumed that 
improvements in water sanitation, sewage treatment and food safety had 
ehminated this disease but an epidemic appeared in Peru in 1992 and within 
one year more than 276,000 cases and 2,664 deaths had been reported.
Water-washed diseases occur when water supplies are scarce and personal 
cleanliness difficult. In these conditions diarrhoeal diseases and contagious 
skin and eye infections prevail.
Water-based diseases are those where water is the habitat for the 
intermediate host organism, for example the snail Limnaea tnmcatula in the 
transmission of the parasitic liver fluke, Fasciola hepatica which is ingested 
with contaminated water plants.
Water-related diseases are those where water may provide a breeding 
ground for the insect vectors such as mosquitoes which transmit malaria.
Water-dispersed infections are those whose agents proliferate in fresh 
water and enter the body through the respiratory and digestive tract, such as
Legionella and Cryptosporidium.
The categorisation of water related diseases in this way was originally 
intended to aid the implementation of appropriate control measures.
Contamination of water by animal or human faeces can introduce a wealth 
of potential pathogens into the water supply network,Geldreich et al .1972) 
identified these as strains of Salmonella, Shigella, Leptospira, enteropathogenic E. 
coli, Vibrio, Mycobacterium, enteric viruses and protozoan parasites.
Salmonellae can cause diarrhoea and infections, fever and vomiting in adults 
and children, and also infect a variety of animal species. Cross-infection 
between Man and animals can occur through contaminated water. Geldreich
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et al (1972) has recorded Salmonellae in North Dakota in rivers 117 Ion 
beyond the nearest sources of animal pollution. Rosenberg (1976) linked 
waterborne shigellosis in Iowa to swimming in a faecally contaminated area 
of the Mississippi. Shigella sp. however, though a causative agent of acute 
diarrhoea, do not persist long in water, and the incidents of gastro-enteritis 
and diarrhoea, especially in young children, are more usually caused by E. 
coli, a common faecal contaminant of water.
Pseudomonas aeruginosa is ubiquitous in nature but it is also recovered from 
human stools and wastewater. Bonde (1977) recovered Pseudomonas aemginosa 
from sewage and polluted water and considered it might be used as an 
indicator of faecal pollution. Pseudomonas spp. commonly occur in water and 
soil and frequently colonize swimming pools. This sustained the view of 
Drake (1966), Hoadley (1967) and others who have observed a higher 
incidence of Ps. aeruginosa in heavily polluted waters.
Pseudomonas aeruginosa has been fomid in 45% of coastal water samples in 
Israel and correlated well with the presence of total and faecal coliforms 
(Yoshpe-Purer and Golderman 1987). Favero et al (1964) suggested that 
swimming pools should be routinely tested for Pseudomonas aeruginosa as well 
as Staphylococcus aureus. The occurrence of Pseudomonads in recreational 
waters has been researched because- of its implications in middle ear 
infections (Havelaar, 1986, and Fox and Hambricks, 1984).
Wheater et al (1978) commented that Ps. aeruginosa is associated mainly with 
effluent from human sources and confirmed the view of Cabelli et al. (1976) 
that E. coli counts of about 1000/100 ml in the absence of Ps. aeruginosa 
suggest the possibility that the source of faecal pollution is animal rather 
than human. However the presence of Ps. aeruginosa in human faeces is not 
universal, and its ability to multiply in water containing suitable nutrients 
make it unsuitable as an indicator organism. Ps. aemginosa can act as an 
opportunist pathogen and its presence can affect water taste, turbidity and 
odour. Its presence in water is especially of concern in pharmaceutical, food
13
manufacture and hospital environments where high quality water is 
required.
The presence of Staphylococcus aureus in recreational waters is associated with 
human activity. The organism has been known to cause skin irritation and 
cases of pneumonia. Charoenca and Fugioka (1993) recommended the use of 
Staph, aureus as an additional indicator of sanitary quality.
Enterococcus faecalis is constantly present in the human intestinal tract and 
therefore in faeces. Enterococcus faecalis is an indicator of the sanitary state of 
natural environments, as it is particularly associated with Man (Mead, 1964). 
Buttiaux (1958) considered Enterococcus faecium to be more prevalent in 
human faeces, thus implying that the absence of of Ent. faecalis does not 
exclude faecal pollution. French standards favour the use of faecal 
streptococci as the best predictor of health effects associated with untreated 
groundwater (Zmirou et at, 1987). It appears that faecal streptococci are able 
to persist longer in natural water than E. coli (Pereira and Alcantara, 1993).
Cabelli et al. (1976) and others examined several bacteria associated with 
human faecal wastes to determine contamination levels in marine bathing 
waters in relation to levels of gastro-intestinal ilhiess in the swimming 
population. The results indicated that E. coli and Enterococcus spp. showed the 
best correlation rather than the other coliform organisms Klebsiella spp., 
Enterobacter spp., and Citrobacter spp. It has recently been reported that 
Helicobacter pylori, a microorganism associated with gastric and duodenal 
ulceration and implicated in gastric cancer, may be spread by the water 
route ( Dadswell, 1991, Klein, 1994).
Water borne sources have also been implicated in recent years in the 
transmission of Campylobacter species which cause large outbreaks of intestinal 
infections. Campylobacteriosis in humans is an acute enteric disease with 
diarrhoea, pain, fever and vomiting. The illness will normally last for 2-5 
days (Bennison, 1995). Large numbers of bacteria may be excreted by the 
affected individuals. Consequently a high number of these organisms may
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be seen in raw sewage and a proportion of these will survive the sewage 
treatment and be present in the final effluent (Bryan, 1991).
Leptospira spp. are prevalent in the kidneys of rodents, and Man can become 
infected with this by drinking, wading or recreational activities in 
contaminated waters. Outbreaks of leptospirosis, also called Weil’s disease, 
and haemorrliagic jaundice, which causes headaches, fevers, chills and 
nausea, can occur (Dufour etal, 1986).
Vibrio spp. are among the most common bacteria in surface waters world­
wide. Cholera is under control in countries where sewage treatment is 
practised but still persists in some parts of the World and outbreaks 
sometimes occur as a by-product of environmental disasters such as 
earthquakes and floods (WHO, 1992).
Control of cholera depends on satisfactory sanitation methods, particularly 
in the treatment of sewage and the purification of drinking water. Vibrio 
cholerae cells (spirilla) can adhere to normal flora in fresh water and can 
survive for long periods of time. In the last 10 years, sporadic outbreaks of 
cholera have been reported in the United States and some evidence has 
been reported that raw shellfish may be a source of infection. Cholera is 
endemic in India, Pakistan, Bangladesh and the Americas with occasional 
epidemics. Although most of the outbreaks are due to water contaminated 
with human faeces, cholera is also spread within households in these areas 
by faecally contaminated food (WHO, 1992).
Giardiasis is an acute form of gastroenteritis caused by the protozoan 
parasite Giardia lamblia, which can be transmitted to humans by contaminated 
water. Between 1965 and 1981, 53 waterborne outbreaks of giardiasis were 
reported in the United States. Most outbreaks occurred in undeveloped or 
mountainous regions where surface water sources are used for drinking 
purposes. Bennett et al. (1987) calculated that 60% of all giardial infections in 
the USA were acquired from contaminated water. Both humans and non­
human sources of contamination have been implicated in waterborne
15
outbreaks of giardiasis (Craun and Jakubowski, 1987). Inadequate water 
treatment, ineffective filtration or pre-treatment of surface waters and 
inadequate disinfection are given as the deficiencies responsible for the 
majority of cases of giardiasis (Craun, 1986).
Cryptosporidiimi is a genus of protozoa containing several species of which 
one, Cryptosporidium parvum, is found to infect Man and his livestock 
(Casemore, 1992). Oocysts of Cryptosporidium may be found in low numbers 
in surface waters, especially those draining agricultural land. The disposal of 
sludge and wastes emanating from agriculture, sewage treatment works, 
septic tanks, abattoirs and a range of other industries are under the control of 
several different regulators, through a number of Acts, Statutory 
Instruments and Guidelines, none of which consider the occurrence of 
Cryptosporidium. Cryptosporidium parvum can cause outbreaks of intestinal 
illness via drinking water (MacKenzie et ah, 1994) and has been associated 
with intestinal illness through swimming in surface water (Anon, 1987).
Bukhari et al. (1997) reported that the discharge of sewage into watercourses 
which may be used for potable water extraction can contaminate that 
watercourse with potentially infectious oocysts. The applications of sludge 
to land can also be responsible for contaminating watercourses with oocysts 
following run-off or leaching. Low levels of Cryptosporidium are ubiquitous 
in the water environment and can be detected in cool moist environments, 
including polluted, pristine and potable water sources (Donelly and 
Stentiford, 1997). An American study (Rose et al., 1991) found that 28% of 
treated drinking water samples contained oocysts. Smith et al. (1991) 
investigated the occurrence of Cryptosporidium spp in Scottish waters and 
indicated that 40% of Scottish raw waters and 40% treated water samples 
contained oocysts.
Viruses have the potential to be an enormous source of infection in water. 
Viruses such as polio vims, coxsackieviruses, echo viruses, hepatitis A virus 
have been isolated from groundwaters worldwide (Farrah and Bitton, 1990).
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Enteroviruses have even been detected in finished waters from treatment 
plants that include prechlorination, flocculation, sedimentation, sand 
filtration, ozonation and final chlorination (Payment etal, 1989).
Infectious hepatitis is endemic in many countries and contaminated water 
can aid the transmission of Hepatitis A which is prevalent in disaster 
situations such as floods and refugee camps. Poliomyelitis may be carried by 
water, though in most of the world where a vaccine programme is in place 
this is a greatly reduced problem. Enteritis due to Coxsackie and Echo 
viruses may rapidly occur if water supplies become contaminated with 
sewage. Concentrations as high as 460,000 infectious virus particles per ml of 
raw sewage have been detected (Berg, 1978). Viruses are also able to survive 
in water for long periods of time and their control and elimination in water 
processes is a continuing problem, as they are more resistant than bacteria to 
various sewage and water treatments.
In a review of a variety of sources, Straub (1989) lists the commonly 
occurring pathogens in wastewater (see Table 1.2).
In order to put the possible magnitude of any bacterial pollution into 
perspective, it is interesting to consider that the introduction of 1 gram of 
human faecal matter (which is estimated to amount to more than 108 
bacterial cells per gram of wet weight) into 1 million gallons (4.5 Mlitres) of 
water, would, assuming that the faecal matter was evenly distributed 
throughout the volume of water, result in an increase in coliform count of 
only about 1 per 100 ml. There is, therefore, a great capacity for absorption 
of faecal pollution before any significant deterioration in the bacteriological 
quality of the water (Anon, 1995). In fact, there is a considerable variation in 
the daily faecal production, bacterial content and consequently loading 
between different organisms, as illustrated in Table 1.3.
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Table 1.2
Pathogens in wastewater (from Straub, 1990)
Organism No. of
types
known
Disease No. of organisms 
/100 ml
Bacteria
Salmonella typhoid, paratyphoid, salmonellosis 2.3-8,000
Shigella bacillary dysentery 1-1,000
E. coli gastroenteritis unknown
Yersinia gastroenteritis unknown
Campylobacter gastroenteritis unknown
Vibrio cholera 10-10,000
Leptospira Weil's disease unknown
Viruses
Poliovirus 3 paralysis 
aseptic meningitis
0-6,000 
182-492,000 pfu
Coxsackievirus A 24 herpangia, aseptic meningitis 
respiratory illness, paralysis
Coxsackievirus B 6 pleurodynia, aseptic meningitis, 
pericarditis, myocarditis, 
congenital heart disease, anomalies, 
nephritis
Echovirus 34 respiratory infection, 
aseptic meningitis, diarrhoea 
pericarditis, myocarditis 
fever, rash
Reovirus 3 respiratory disease, gastroenteritis
Adenovirus 41 acute conjunctivitis, diarrhoea 
respiratory illness, eye infection
Hepatitis A virus 1 infectious hepatitis
Rotavirus 2 infantile gastroenteritis 400-85,000 iff
Norwalk agent 1 non-bacterial gastroenteritis
Protozoa
Giardia lamblia diarrhoea, malabsorption 530-100,000
Entamoeba coli mild diarrhoea, colonic ulceration 28; 52
Entamoeba histolytica amoebic dysentery, liver abscess 
colonic ulceration
4
Cryptosporidium gastroenteritis 4.1-1732
Helminths
Ascaris ascariasis 5-100
Ancylostoma anaemia 6-188
Necator anaemia unknown
Trichuris diarrhoea, anaemia 10-20
pfu - plaque forming unit iff - imnumoftuorescent foci
18
Table 1.3
Levels of E. coli from various organisms 
from Jones and White (1984)
Faecal production 
g Id
Average number 
E. coli /g faeces
Daily load 
E. coli
Man 150 13 x 10® 1.9 x 109
Cow 23600 0.23 x 10® 5.4 x 109
Pig 2700 3.3x10® 8.9 x 109
Sheep 1130 16 x 106 18.1 x 109
Duck 336 33 x 10® 11.1 xlO9
Turkey 448 0.3 x 10® 0.13 x 109
Chicken 182 1.3 x10s 0.24 xlO9
Gull 15.3 131.2 x 10® 2 xlO9
E. coli concentration/100 ml
sewage 3.4 x 105 - 2.8 x 107
sewage effluent 1 x 103 - 107
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1.4 Water quality control standards.
The Water Industry Act 1991 and the Water Resources Act 1991 place a duty 
on water undertakers to supply water that is 'wholesome at the time of 
supply'. A wholesome supply is considered to be one free from visible 
suspended matter, excessive odour, taste and colour, any objectionable 
dissolved matter, aggressive constituents such as toxic chemicals and 
bacteria indicative of faecal pollution. The time of supply is defined as the 
moment when water passes from the supplier's pipes into those owned by 
the owner of the property or premises (Anon, 1994).
Under the Water Resources Act, the Environment Agency (formed in 1996 
from the NRA, Her Majesty's Inspectorate of Pollution (HMIP), Waste Water 
Regulation Authorities (WRA) and units from the Department of the 
Environment) is responsible for the protection of 'controlled waters'. 
Controlled waters include all watercourses and water contained in 
underground strata.
The Environment Agency is an independent public body charged with 
safekeeping and improving the natural water environment. It is responsible 
for flood defence, regulating rivers and groundwaters, protecting and 
improving fish stocks and promoting water based recreation. The 
Environment Agency currently uses a General Quality Assessment (GQA) 
scheme to assess the quality of rivers and canals in the U.K. (Environment 
Agency, 1996). The scheme is eventually intended to have components under 
the headings chemical, biological, nutrients and aesthetics which will be 
reported separately, but only the chemical and biological components have 
been fully implemented.
The chemical component grades rivers A to F (representing very good to 
bad quality) on the basis of BOD, ammonia and dissolved oxygen in the 
rivers. These parameters are indicators of the extent to which waters are 
affected by wastewater discharges and run-off containing organic matter. 
The biological grading is based on the monitoring of benthic macro­
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invertebrates. Each particular species thrives best under a narrow range of 
environmental conditions and thus the biological quality of a river will 
reflect the extent to which the river is affected by environmental stresses, 
including pollution from the whole range of chemicals (Environment 
Agency, 1996). However, at present there are no microbiological assessment 
standards for river water quality.
The Environment Act 1995 (commencement Notice and Transitional 
Provisions) Order 1997 came into effect in July 1997. It gives new powers to 
the Environment Agency to recover the costs of investigations into water 
pollution. The costs are recoverable from those who 'caused or knowingly 
permitted' the pollution or threat of pollution. This applies equally to 
pollution which is chemical or microbiological in nature.
1.5 Water treatment and disinfection
As water is stored in a reservoir, the quality improves as faecal organisms 
are adsorbed onto porous rocks and silt, and settle out. A natural decline in 
bacterial numbers also occurs with time. Waters are initially filtered, in order 
to remove particulate material. This may include algae, along with leaves, 
debris and other aquatic life, but filtration has little effect on micro­
organisms (Lester, 1982).
An attempt is made to remove these by chemicals which flocculate and adsorb 
the particulate matter which can then be filtered out, removing large 
quantities of faecal micro-organisms. In some areas sand filtration is used. 
This relies on the spontaneous development of a slime-layer, which Pearsall 
et a l (1946) termed the schmutzdecke, on the surface of the sand. This layer 
consists of a complex living mass of bacteria, protozoa, algae, crustacea and 
larvae, and is largely responsible for the removal of faecal micro-organisms. 
The micro-organisms which constitute the schmutzdecke appear to be 
organised into three layers: an upper thin fungal layer (0.33 mm), beneath 
which is the main algal layer (approximately 1.2 mm thick) and a basal layer 
(about 0.5 mm thick) containing algae, fungi and bacteria (Lester, 1982).
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Protozoans and metazoans present in the biological filter are able to remove 
free swimming bacteria, thus preventing turbid effluents. Some metazoans 
function to assist in breaking the microbial film which would otherwise 
block the filter (Harrison, 1982).
Problems do occur with large uncovered sand filters. Clogging of the filters 
can occur following algal blooms. The decomposition of the algae, apart 
from causing undesirable tastes and odours and depleting the oxygen, causes 
excessive growth of bacteria, including coliforms. Spore forming bacteria can 
become established in the filter bed and spores may pass through in large 
numbers and enter the water supply. They may also attract seagulls and 
other bird-life. Waterfowl may produce an equivalent level of pollution per 
day per head of population as man and thus pollute the water (Geldreich 
1966).
The most common problem with water treatment has been filter blockages 
due to the increased eutrophication and resultant algal growth of water 
sources. Algae such as Stephanodiscus may block sand filters, while other 
algae may foul the distribution network (Henderson-Sellars and Markland, 
1987).
In high algal concentrations, penetration of the organic matter throughout 
the system can lead to taste and odour problems associated with the 
decomposition of algae and fungi, which also provides food for the build-up 
of an community which also causes further problems (Pearsall et a l, 1946). 
In a review of the effects of eutrophication upon surface water derived 
supplies, Hayes and Green (1984) identified five impacts upon water supply 
processes in addition to the physical penetration of treatment. These are:
1- Algal breakdown products
2- Higher levels of dissolved aluminium in the supply
3- Oxygen depletion in reservoirs
4- Haloforms, which occur as a result of the reaction of chlorine with organic 
precursors derived from algal exudates.
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5-Taste and odour problems relating either from algal penetration, 
breakdown of dense algal crops in raw water supplies or the growth of 
micro-organisms in stored water. Taste and odour problems may be 
anthropogenic or natural in origin. Anthropogenic sources include phenol, 
chlorinated phenols and halogenated compounds such as chloroform 
(Zoetenman et a l, 1986). Among the natural sources are the compounds 
geosmin and 2-methyl isoborneol (MIB) whidi are products of actinomycete 
metabolism (Safferman et a l, 1967) and implicated in the cause of the 
earthy/musty odour in drinking water (Hayes and Burch, 1989) These can be 
treated by dosing the water with high concentrations (up to 40 milligrams 
per litre) of powdered activated carbon (Hayes and Green, 1984 , Lalezary- 
Craig et al, 1988). Chlorine dioxide is effective against the geosmin 
producing actinomycete, Streptomyces griseus (Whitmore and Denny, 1992). 
Zeolites have been used for taste and odour removal (Ellis and Korth, 1993).
Disinfection is the final stage of water treatment in order to prepare water 
for distribution and human consumption. Disinfectant efficiency is expressed 
as C.t, that is the product of C (the disinfectant concentration) and t (the 
time required to inactivate a certain percentage of the population under 
specific conditions of temperature and pH). The relationship is given by 
Watson's law (Clark et a l, 1989).
K = Cn t
I< is the constant for a given microorganism exposed to a disinfectant under 
specific conditions, C is the disinfectant concentration (mg/l), t is the time 
required to kill a certain percentage of the population (min) and n is a 
constant called the coefficient of dilution (Bitton, 1994).
Another way to express the efficiency of a given disinfectant is the lethality 
coefficient (A), given by the equation:
A = 4.6 /  C.t 99
where 4.6 is the natural log of 100, C is the residual concentration of 
disinfectant (m g/1) and t 99 is the contact time (min) for the inactivation of 
99% of the microorganisms.
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Chlorination is the most widely used method of disinfection as it is cheap, 
easy to use and effective in killing bacteria (Bitton, 1994).
Chlorine, which forms hypochlorous acid (HOC1) in solution, is effective in 
inactivating pathogenic and indicator bacteria, Campylobacter jejuni is 99% 
inactivated in the presence of 0.1 mg/1 free chlorine after 5 minutes contact 
time (Blaser etal, 1986). There is wide variation in the resistance of viruses to 
chlorine.
In the presence of hypochlorous acid at pH 6, the Ct for E. coli is 0.04, as 
compared with the Ct of 1.05 for polio virus type 1 and a Ct of 80 for Giardia 
lamblia (Logsdon and Hoff, 1986). As Cryptosporidium is extremely resistant to 
disinfection, a chlorine concentration of 80 mg/1 is required to give 90% 
inactivation following 90 minutes contact time (Korich et a l, 1990). The 
oocysts can remain viable for 3-4 months in 2.5% sodium dichromate 
solution (Current, 1988) and the parasite is not inactivated in a 3% solution of 
sodium hypochlorite (Campbell etal, 1982).
The transmission of water-borne giardiasis and cryptosporidiosis via 
chlorinated potable water indicates that cysts and oocysts of pathogenic 
protozoa are insensitive to chlorine. Chlorine pre-treatment of 
Cryptosporidium parvum oocysts has been demonstrated to enhance sporozoite 
excystation in vitro (Current, 1989). The effectiveness of chlorine as a 
disinfectant for parasitic protozoa decreases with decreasing temperature 
and increasing pH (farrold, 1988).
Chloramines are produced when hypochlorous acid combined with 
ammonia and organic nitrogen compounds. These have offensive odours 
and are toxic to fish and invertebrates (Bitton, 1994). These compounds are 
much less efficient than free chlorine for the inactivation of viruses. Chlorine 
dioxide is an alternative to chlorine as it does not produce trihalomethanes 
(known carcinogens), is not affected by normal fluctuations in pH and is less 
corrosive than chlorine (Walker and Morales, 1997).
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Ozone has also been used as a disinfectant, as it is a powerful oxidising agent 
and has powerful disinfection properties. It is bacteriocidal, viricidal, 
fungicidal and sporicidal and active against yeasts and parasites. The 
threshold ozone concentration above which bacterial inactivation is very 
rapid is 0.1 mg/1. The Ct values are low and and range from 0.001 to 0.2 for 
E. coli and from 0.04 to 0.42 for enteric viruses (Hall and Sobsey, 1993). Some 
bacterial pathogens are more resistant than viruses to ozone. The resistance 
has been found to be Mycobacterium fortuitum >  poliovirus Type 1 > Candida 
parapsilosis >  £. coli >  Salmonella typhimurium (Bitton, 1994).
Ozone inactivates Cryptosporidium oocysts at a concentration of 1.1 mg/1 in 6 
minutes (Peeters et a l, 1989). Cysts of Giardia sp. are also inactivated by ozone 
(Wickramanayake et a l, 1985) although the resistance to disinfection 
increased at lower temperatures. This was noted by Joret (1992) in 
Ciyptosporidium oocysts. However, the effectiveness of ozone appears to be 
reduced by high turbidities, and is unable to sustain a disinfectant residue 
throughout a distribution system (Rice et al, 1981).
Thames Water are at present evaluating a method of eliminating E. coli from 
water supplies discovered by chemists at Robert Gordon University, 
Aberdeen. This accidental discovery came during research aimed at finding a 
process to remove toxins, coming mainly from blue-green algae, from 
drinking water. Strong light was shone onto titanium dioxide making it into 
a strong oxidising compound that destroyed the toxins without leaving toxic 
residues (Anon, 1996).
Ultra Violet radiation can also be used, the efficiency being generally similar 
to chemical disinfection. Chang et al (1985) determined that the amount of 
UV radiation required to destroy protozoan cysts was greater than that for 
bacterial spores which was in turn greater than the dose for viruses and that 
vegetative bacteria were most easily killed. Chang et al (1985) estimated that 
viruses and spores required 3 and 4 times respectively the doses required for 
£. coll Kawamura et al (1986) concluded that the order of resistance when
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irradiated with UV light was spore formers > Candida b'opicalis >  Staph, aureus, 
E, coli, S. typhimurium.
Shaban et al (1997) concluded that a contact time of 20 seconds or more with 
UV light was efficient in the disinfection of bacterial and algal cells in water 
of low turbidity. Spore formers and coliphages were more resistant to UV 
than were vegetative cells. Yeasts and Aeromonas spp. were more resistant to 
UV, though UV radiation had a reduced effect in higher turbidities
UV radiation has another advantage when used for disinfection of water. 
Recently technological advances have employed a process produced by the 
action of UV called photolysis to reduce pesticide contaminants in potable 
water. Granulated activated carbon has been used to reduce pesticide levels 
but it can contribute to the microbiological loading of water by providing a 
breeding ground for organisms and thus disinfection is required after the 
carbon treatment. UV radiation is being used in parts of Southern England to 
disinfect final effluent before it is pumped into reservoirs. It is a useful 
disinfectant process for potable water (Wolfe, 1990) and is effective against 
viruses (Craun,1986). However, in hospitals, chlorine is added to waters 
previously treated with UV to maintain a disinfectant residue. Harris et al 
(1987) showed a high survival of E.coli following photoreactivation after UV 
radiation. Legionella spp. were also reactivated. Campylobacter spp. are thought 
to form viable but non-culturable forms under visible and UV radiation 
(Rollins and Colwell, 1986).
A variety of disinfectants have been assessed to determine their ability to kill 
protozoan cysts which are more resistant to disinfection than bacterial cells. 
Jackson and Horth (1991) and Ran some et al (1991) have determined that 
ozone shows most promise in this context (see Table 1.4).
Despite these methods of disinfection, contamination may occur after 
treatment Payment etal (1991) studied the correlation between consumption 
of drinking water meeting current microbiological standards and the 
incidence of gastroenteritis. Though water leaving the treatment plants met
Table 1.4
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Summary of disinfectant concentrations and contact times that give a mean 
reduction in excystation of Cnjptosporidmm pamwn in excess of 90% (Ransome 
e ta l (1991).
Disinfectant Concentration at end of 
contact period 
mg/1
Contact time 
mins
Chlorine 2989.7 1440
Ozone 1.8 10
0.8 15
Chlorine dioxide 5.0 15
Hydrogen peroxide 327.0 10
Iodine 120.0 10
Peroxone 
H2O2 : ozone ratio
0:1.0 10
UV radiation 80 mw.s/cm2 15
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the appropriate standards, they estimated that 35% of gastro-enteritis was 
due to consumption of this water. A further study revealed that drinking 
water conforming to all of the present regulatory standards was still 
implicated in 40% of gastro-intestinal infections (ENDS 272, 1997). This 
observation raises serious questions on the effectiveness of water treatment, 
the adequacy of drinking water standards and the bacteriological quality of 
water in the distribution systems and domestic connections.
Sobsey and Olsen (1993) considered that the deterioration of quality in 
drinking water during storage and treatment was due to
1. Improperly built and operated storage reservoirs
2. Microbial regrowth in reservoirs
3. Taste and odour problems due to the growth of algae, actinomyeetes and 
fungi
4. Bacterial colonisation of distribution pipes.
Even under the most appropriate conditions of temperature, turbidity and 
pH, disinfection of drinking water does not actually produce sterile water. 
The water, however, usually contains a residual amount of disinfectant to 
suppress survival or growth of microorganisms in water pipes.
1.6 Contamination of treated water supplies
Pollutant microorganisms can be drawn into the water supply during the 
repair of leaks in the water mains and also when reduced pressure occurs 
due to excessive demand as in fire-fighting situations (Payment etal, 1991).
Plumbing of individual households can affect water quality. Washers and 
plastics can support microbial growth, and even water cleansing filter 
systems can cause bacteria to accumulate and breed and eventually pass to 
the consumer. Water is allowed to stagnate in household tubing and taps, so 
chlorine levels fall and bacteria may regrow in some waters. Thus in-house 
degradation of water quality may lead to measurable health problems (Ford 
and Olsen, 1988).
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Legionellae pose a considerable threat in hot water tanks in hospitals and 
homes (Tobin, 1980; Fisher-Hoch et a l, 1982). Le Chevailler et al (1987) had 
shown that bacteria can proliferate in water distribution pipes and colonize 
connections, the imperfections known as tubercles, and dead ends. 
Sediments found in water tanks such as scale and organic matter indirectly 
promote the growth of commensal micro-organisms which in turn can 
enhance the growth of Legionellae. Control of Legionellae can sometimes be 
achieved by control of the protozoan Naegkiia faokri, which has been found 
to harbour Legionella spp. (Newsome et al., 1985). This protozoan is also the 
causative agent of PAM (primary amoebic meningoencephalitis), sometimes 
contracted by swimming in warm recreational waters.
Pseudomonas aeruginosa, Aerommas hydrophila and Closbidium peifringens have all 
been found in pipes of a water filtration plant in Canada (Payment et al,
1989). Pseudomonas spp. can give rise to problems in treated water supplies by 
producing slime during growth (Anon, 1994).
Water contamination incidents, though relatively few, capture the attention 
of the public. In 1995, North West Water was criticised for failing to report a 
Cryptosporidium outbreak near Warrington, in an area fed by a small 
groundwater supply. An enquiry by the Drinking Water Inspectorate (DWI) 
revealed that borehole seals and linings had been inadequately maintained 
(ENDS 246,1995). In March 1997, 325,000 households in South Hertfordshire 
and North West London were affected when the water supply was 
contaminated with Cryptosporidium and households were urged to boil their 
water (Daily Telegraph, 4th March 1997). The "boil notices" were in force for 
2 weeks, and 293 cases of Cryptosporidiosis were reported over a 4 week 
period. The outbreak was apparently caused by the contamination of an 
underground bore-hole. One possibility is that a source of Cryptosporidium 
found its way into the bore-hole by a route that circumvented the layer of 
rocks and soil that would normally filter out the organism. Another 
possibility is that low groundwater levels had caused the ground to crack, 
allowing the parasite easy access. The Drinking Water Inspectorate is
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considering prosecuting the company for supplying water unfit for human 
consumption. (Financial Times, 24th March 1997).
The water company supplying the area traced the source of the organism to 
boreholes in the Colne Valley near Watford. The boreholes are sunk 60 m 
into a chalk aquifer and are normally treated with granular activated carbon 
and ozone to remove pesticides. The process does not include filtration, as 
the supply has been assumed to be well filtered by the chalk. The 
Environment Agency investigation found Cryptosporidium oocysts in the River 
Colne. The boreholes are closely associated with the river and conduits from 
the boreholes are known to pass underneath the river (ENDS 266,1997). The 
recent problems with Cryptosporidium sp. in deep aquifers like the 
Hertfordshire chalk have raised great concern, as the previously held 
opinion was that deep boreholes were not vulnerable to microbial 
contamination.
In August and September 1995 more than 500 people in the Torbay, 
Teignmouth and South Hams areas of Devon were affected with 
Cryptosporidium, causing severe diarrhoea (ENDS 247,1995). A well operated 
treatment plant will remove a high proportion of oocysts but from time to 
time some may penetrate into the water supply. At just 5 micrometers in 
diameter, the oocysts are able to pass through filters used to trap other 
particles (Ward, 1997).
hi 1990 it was suggested that each water authority should monitor treated 
water for the presence of Cryptosporidia in the following circumstances:
(i) following exceptional contamination of water sources by agricultural 
pollution or sewage
(ii) for a transition period when a significant planned change in water 
treatment process or distribution network takes place
(iii) when, for exceptional operational reasons the water treatment process 
is operationally abnormal
(iv) when turbidity readings or levels of indicator or other organisms
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deviate from the normal range
(v) if an outbreak of cryptosporidiosis in the community is suspected of 
being linked to the water supply (Standing Committee of Analysts,
1990).
The growth of microorganisms on the interface between water and the 
surface of drinking water systems has been recognized for many years 
(Whipple et al, 1927). The bacteria are able to gain sufficient nutrients by 
forming a consortium and developing a biofilm (Ellwood et al, 1982). The 
biofilm can be considered as a consortium of metabolising microorganisms 
along with their extracellular products which are attached to a surface 
(Mackerness et al 1991). Biofouling, dirty water, health problems and 
biocorrosion all are consequences of the formation of microbial films on the 
internal surface of pipes. These biofilms are caused by the adhesion of 
bacteria to surfaces.
There appears to be no direct correlation between the total heterotrophic 
population within a water distribution system and total coliforms (Le 
Chevallier et al, 1987, Edberg et al, 1989). Le Chevallier et al (1987) found 
that distribution system biofilms were favourable environments to coliform 
bacteria. These authors concluded that the competition between 
heterotrophic bacteria and coliform bacteria for assimilable organic carbon 
was probably responsible for the decline of indicator organisms.
In potable water systems, biofilm formation can present serious 
complications for hygiene, colour, odour and taste (Le Chevallier et al, 1987, 
Mackerness et a l, 1991). Besides the major disadvantages of biofilms in 
drinking water such as proliferation of undesirable microorganisms, 
increased turbidity, bad taste and odour, interference with indicator 
monitoring and increased biocorrosion, biofilms may also harbour 
pathogenic bacteria, supporting their survival and dissemination into the 
distribution system (DWI Report, 1996).
Geldreich et al(l972) considered that the biofilm may not only serve to allow
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the growth of bacteria in water systems, but also protect the bacteria from 
biocide treatment. Payment el al (1988) found evidence of regrowth and 
aftergrowth of total coliforms and Aeromonads in fully treated water where 
there had been no evidence of contamination to that supply. The sloughing 
off of biofilm bacteria into the flowing water could account for these 
observations. Mackerness et al (1991), in an investigation using a biofilm 
model, concluded that bacteria may be released from the biofilm, that they 
may be resistant to residual disinfection and may also be transported 
through parts of the distribution system. This could be responsible for non- 
compliance with drinking water standards. Mackerness et al (1991) suggest 
that the control of biofilms has thus become an important objective in good 
drinking water practice.
Among the naturally occurring biofilm bacteria are species such as 
Pseudomonas, Campylobacter, Clostridium, Flavobacterium and Legionella. Legionella 
pneumophila is a good example of a biofilm pathogen. This organism appears 
to have carved out a a unique niche, due to its nutrient requirements. It may 
be that this organism enters a viable but non-cultural phase when placed in 
drinking water (Hussong et al, 1987), and subsequently is not always 
implicated in cases of Legionnaires' disease. Other bacteria which 
demonstrate the phenomenon of existing in a viable but non-cultural state 
include Salmonella sp. (Roszak et al, 1984 ), Aeromonas sp. (Allen-Austin et al,
1984) Campylobacter sp. (Rollins and Colwell, 1986), Escherichia sp. and Vibtio 
cholerae (Xu et al, 1982) when exposed to environmental or nutritional 
stresses. Thus present methods of monitoring water supplies that are 
untreated or have a low free chlorine residue may underestimate the 
presence of coliforms or total heterotrophs. A preferable approach may lie in 
direct detection such as genetic probes and fluorescent antibodies which 
would eliminate the need for culturing.
Legionella pneumophila and other Legionellae have been isolated from rivers, 
streams, thermally polluted waters, natural thermal ponds and the shores of 
lakes (Fliermans etal, 1981). These studies showed that L. pneumophila is more
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commonly isolated from water in the 36-70°C range than from cooler water, 
with the highest isolation rates from water between 40-60 °C. Legionella spp. 
are not thermophilic, but their tolerance of higher temperatures may give 
them an ecological advantage, adapting them for colonising man-made 
water systems which are at higher than ambient temperatures.
Stoute ei al (1985) concluded that a number of environmental criteria, 
namely sediment, environmental microflora and hot water (38-50°C), 
combine to provide conditions ideal for the growth of Legionellae. They 
consider that stimulation of environmental organisms both by increased 
temperature and presence of sediment results in production of nutrients, 
such as cysteine, in quantities that can support large populations of 
Legionellae. They also noticed that Legionella is seldom recovered without some 
disturbance of sediments, and outbreaks of Legionnaires' disease have been 
traced to disturbance of stagnant hot water systems (Fisher-Hoch etal, 1982).
Armon et al (1997) showed that both Legionella pneumophila and Salmonella 
typhimurium could survive in biofilms for prolonged periods: 20-40 days at 24 
and 36°C . This should raise considerable concern for the safety of public 
drinking water distribution systems that support biofilm formation.
Nuisance organisms are a diverse group of organisms, including planktonic 
and sessile algae, fungi, Crustacea and protozoa, as well as actinomycetes 
and iron and sulphur bacteria (Anon, 1994). These organisms can cause 
objectionable tastes, colour, odour, and turbidity and may interfere with 
treatment processes by blocking filters. Certain planktonic organisms may 
harbour pathogens and thus protect them from disinfection by chlorine 
(Newsome etal, 1985).
The crustacean Asellus causes the greatest number of consumer complaints, 
especially in waters derived form lowland surface waters. This type of 
source will support greater quantities of algae and thus a higher level of 
invertebrates which may enter the distribution system. Upland water 
sources are low in nutrients and thus support fewer animalcules, hi the
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United Kingdom there is no known health risk associated with these 
organisms, although in tropical countries intermediate stages of parasites 
may be a problem, for example the Guinea worm Dmcunculus medinenis has 
an intermediate stage in the crustacean Cyclops (see Table 1.3).
Invertebrates may be controlled by chemical methods such as dosing with 
copper sulphate or chlorine, and physical methods like pipe cleaning, 
hydrant flushing and filtration of source waters (Levy, 1990).
1.7 Indicators of faecal contamination
The water industry relies to a large extent on the use of indicator organisms 
to monitor water quality, and much microbiological effort is concentrated in 
this area. Counts of indicator organisms show the possible presence of 
enteric pathogens (McFeters et al, 1974, Field, 1993). £. coli and the coliform 
group are used to indicate faecal contamination and the lack of system 
integrity. Coliforms have been used as indicators of faecal contamination 
since 1885 when Escherich recovered these bacteria from human faeces 
(Reneau et al, 1977). The term coliform was thus used for organisms 'in the 
form of E. coli', though there appears to be no consistent or widely accepted 
definition of what constitutes a member of the coliform group. Traditionally, 
the term coliform has been used to define microorganisms on a functional 
rather than taxonomic basis.
Woolnough (1991), however, uses the term 'coliform organism' to refer to 
Gram negative non-sporing rod shaped bacteria capable of aerobic and 
facultative anaerobic growth in the presence of bile salts or other active 
agents with similar growth inhibiting properties. They are able to ferment 
lactose with the production of acid and gas within 48 hours at 37°C and 
normally possess the enzyme p-galactosidase. They are also oxidase 
negative. This definition exdudes anaerogenic and non-lactose fermenting 
strains.
Escherichia spp. are usually defined as Gram negative rods whidi are
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facultatively anaerobic, usually motile and producing acid and gas from 
lactose at 37°C and 44°C. They are indole positive at 37°C and 44°C, methyl 
red positive, Voges-Proskauer negative and catalase positive (Cowan and 
Steel, 1974). According to Bergey's Manual, Escherichia spp. fail to grow in 
citrate and potassium cyanide medium and are malonate and gluconate 
negative (Hensyl, 1994). Dufour (1977) proposed a definition of the faecal 
pollution indicator that described a lactose fermenting coliform producing 
acid and gas at 44°C within 48 hours. The organism produces indole from 
tryptophan, does not hydrolyse urea or utilize citrate and is methyl red 
positive and Voges-Proskauer negative.
Waite (1985) proposed the 'modified thermotolerant coliform' (MTC) which 
he defined in terms of the ability to produce add from lactose at 44°C, 
omitting the indole criterion on the basis that the additional information it 
provided did did not repay the effort expended on the extra test.
E. coli is the only coliform that is an undoubted inhabitant of the 
gastrointestinal tract. Dufour (1977) isolated coliforms from faecal samples. 
Overall, 96.8% of coliforms tested were E. coli, 1.5% Klebsiella spp. and 1.7% in 
the Enterobacter - Citrobacter group. Prescott et al (1946) had reported similar 
results.
The Bacteriological Examination of Drinking Water Supplies 1982 (Report 
71, 1983) defines coliform organisms as "Gram negative, non-sporing rod-shaped 
bacteria, capable of aerobic and facultative anaerobic growth in the presence ofbile-salts or 
other smface active agents with similar growth-inhibiting properties, which are able to 
ferment lactose with the production of acid and gas within 24 hows at 37 °C. They are 
also oxidase negative." Coliform organisms whidi have the same fermentative 
properties at 44 °C are described as "thermotolerant". Guidance on 
Safeguarding the Quality of Public Water Supplies (DoE, 1989) defines 
coliform organisms as : "members of a genus or species within the family 
Enterobacteriaceae, capable of growth at37°C and normally possessing j3-galactosidase". 
This is the definition that has been incorporated into the Microbiology of
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Drinking Water 1994 and is referred to as "theneiv definition" .
Klebsiella, Citrobacter and Enterobacter spp. can readily be isolated from soil, 
sediment and organic industrial wastes but only Escherichia coli (E. coli) is 
normally absent from pristine, unpolluted environments (Geldreich et al 
1978). The presence of E. coli in a water sample indicates potentially 
dangerous contamination of either human or animal origin. E. coli. can be 
used as an indicator organism as it is specific for faecal pollution, and has 
been known to cause enteritis in adults and children (Marier et al, 1973). 
Identification of £. coli thus provides a more accurate indicator-to-pathogen 
ratio than total or faecal coliform enumeration methods.
It may be that a bacterial species does not definitely provide the best 
indicator of wholesome non-faecally contaminated potable water. The dose 
of faecal organisms required to be infective is unknown. The total number is 
rarely determined - merely their presence or absence. Perhaps the most 
significant factor is that while only one cyst of Cryptosporidium, Toxocara or 
Giardia is sufficient to cause infection, the infective doses of Legionella, 
Salmonella and even enteropathogenic E. coli are much higher.
Grabow (1968) suggested that the most common pathogenic viruses are 
much more resistant to chlorination than is E. coli. This view has been 
confirmed by Chambers (1971) and Havelaar (1986) on studies of the 
effluents of sewage treatment plants. Isolation of coliphages in drinking 
waters with and without coliform and /or faecal coliform presence suggests 
that viruses can survive the normal treatment and disinfection processes 
accorded to potable water samples (Havelaar, 1986, Ratto et a l, 1989).
The study of Sim and Dutka (1987) implied that coliform free potable waters 
are not necessarily pathogen free potable waters and they suggest that 
coliphage tests should be included in potable water testing schemes. Sim 
and Dutka (1987) indicate that the test can be read after 6 hours, but 
examination of these results indicate that at 6 hours their results are rather 
equivocal, as the number of phages and thus the extent of contamination
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Cysts and oocysts of Giardia spp (Smith et al., 1995) and Cryptosporidium 
parvum (MacKenzie et al., 1994) have been found in chlorinated final water in 
the absence of E .coli. Storm run-off may be a problem, as water flowing to 
surface drains merely rejoins the watercourse without necessarily 
undergoing sewage treatment.
Medema et al. (1997) studied the survival of Cryptosporidium and indicator 
bacteria in surface water and concluded that Clostridium perfringens was the 
best indicator of the presence of Cryptosporidium oocysts in water as it 
persists longer in the environment than the oocysts. £ coli and faecal 
enterococci have a rapid die-off rate.
The significance of the presence of E. coli in water is that faecal 
contamination due to humans or other warm blooded animals has occurred, 
and therefore a potential health risk from microbial or viral pathogens does 
exist.
While £. coli may not be the definitive indicator of faecal contamination, it is 
the only indicator that is simple to cultivate, replicate and identify, unlike 
the other possible indicator organisms which, being pathogens, require 
greater expertise from laboratory personnel. In the cases of Clostridium spp. 
and Legionella spp. there is a requirement for strictly defined cultural 
conditions and complex concentration methods in the case of Cryptosporidia 
and Giardia.
1.7.1 Analytical methods
Various methods have been developed for the detection of E. coli in water or 
other samples. Classically, differential and selective media utilising a variety 
of inhibitory substances such as bile salts were employed, but in recent years 
workers have taken advantage of the enzyme {3-D-glucuronidase (GUD) 
which appears to be produced by the majority of strains of E. coli (Andrews et 
al., 1987; Berg and Fiksdal,1988; Clark et a l, 1991; Brenner et al., 1993; Apte
were not determined at that time.
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The methodology for the enumeration of bacteria in water has remained 
relatively unchanged over recent years - "most probable numbers" and 
membrane filtration methods are the most often used (Anon, 1994).
Routine testing for coliforms in potable water was instituted in the 1920's 
with the development of the multiple tube fermentation method, which 
estimates the most probable number (MPN) per 100 ml. This test does not 
identify a specific organism - it just gives a positive or negative result, based 
on statistical probability.
hi practice this method involves the addition of known volumes of the water 
under investigation to known volumes of an appropriate liquid medium. 
After incubation at the required temperature, the number of organisms in 
100 ml of original sample can be estimated from the number of tubes 
showing a positive reaction. It is assumed that each tube that receives one or 
more viable organisms in the inoculum will show growth and a positive 
reaction. Provided some negative results occur, the MPN of organisms in the 
100 ml. sample can be estimated by reference to standard tables of most 
probable numbers (Anon, 1982).
The MPN procedure is applicable to water of all types. The equipment is 
relatively cheap and simple and positive reactions are easy to read, although 
this technique produces an estimate of numbers and is subject to error.
A variety of differential media have been used for this test. Perhaps the most 
widely used is MacConkey Broth, which on incubation changes from purple 
to yellow when coliforms are present, indicating acid production. Gas 
production is demonstrated by the appearance of bubbles within a small 
Durham tube suspended in the liquid medium (Anon, 1982).
The membrane filtration method requires a known volume of the water 
under investigation to be filtered through a membrane, usually of a pore size 
of 0.47 microns (Anon, 1982). This technique was developed in the 1950s 
(Shipe and Cameron, 1954). The organisms to be counted are held on the
and Batley, 1994).
38
membrane, which is then placed onto a plate or pad of differential medium, 
usually containing a fermentable carbohydrate and a pH indicator, and 
incubated (Edberg and Edberg, 1988). The membrane filtration technique 
provides a count of the number of organisms as colony forming units (cfu) 
per 100 ml of sample (Argent et ah, 1991).
A direct count is made of discrete colonies. Colonial morphology can be 
examined and direct subcultures made, which reduces the possibility of false 
positive reactions from mixed cultures. This method is unsuitable for very 
turbid water samples in which suspended matter may block the pores in the 
membranes. Samples which may contain only a few indicator organisms 
among another organisms capable of growth on the medium employed are 
also unsuitable. This may serve to give a false impression of the sanitary 
quality of die water sample. Membrane quality has been found to vary, and 
this could affect the result (Brenner and Rankin, 1990).
The sensitivity of both MPNs and MF are affected by the presence of Gram 
negative organisms other than coliforms (Hutchison et ah, 1943, Schiff et al, 
1970, Hussong et al, 1981). In addition, some coliforms may not produce 
enough acid to cause a pH change in the medium large enough to be 
detected (Meadows et al, 1980, Evans et al, 1981). Tilled (1986) determined 
that the multiple tube fermentation (MPN) method is more sensitive than 
membrane filtration (MF) in detecting small numbers of organisms. Both 
these techniques require confirmatory tests.
The utilization of microbial enzymes has become more common over recent 
years and appears to provide more rapid, sensitive and specific methods 
(Frampton et al 1988; Hartman, 1989; Sarhan and Foster, 1991; Frampton 
and Restaino, 1993).
1.8 (3-D-glucuronidase (GUD).
Histolytic enzymes are considered essential factors for the genesis and 
course of infectious diseases. The {3-glucuronidase group of enzymes
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participate in the decomposition of the intercellular substances of the 
connective tissue (Dahlen and Linde, 1973).
The enzyme GUD in E. coli was first discovered by Buehler el al (1949). It is 
an inducible histolytic enzyme (Ashwell, 1962). GUD is the first enzyme in 
the hexuronide - hexuronate pathway of E. coli (Novel and Novel, 1976) - see 
Figure 2.
Some workers, for example Feng etal (1991), call this enzyme UID, due to its 
position on the gene of E. coli However, Perez et al, (1986) , Chang et al 
(1989), Rice etal (1991) and others, refer to it as GUR (their abbreviation of 
glucuronidase).
Specifically, p-D-glucuronidase catalyses the hydrolysis of p-D- 
glucopyranosiduronic acid derivatives into their corresponding aglycones 
andD-glucuronicacid (Manafi etal, 1991).
Jefferson et al (1986) report that the enzyme has been purified to 
homogeneity and its molecular structure characterised. p-D-glucuronidase 
has a subunit molecular weight of 68200, is stable, and easily and sensitively 
assayed using commercially available substrates.
The ability of E. coli to utilize uronic acids has been known for several years. 
Its relative specificity was not apparent until Kilian and Bulow (1979) 
demonstrated that GUD activity was a characteristic of the majority of E. coli 
strains and some Shigella species. Glucuronidase activity has since been 
observed in Salmonella, some Klebsiella species, some Citrobacter, Yersinia and 
Enterobacter species and Flavobactenum species (Petzel and Hartman, 1985). 
Additionally it has been observed in some Staphylococci (Singh and Ng, 
1986), Corynebacteria and Bacteroides (Dahlen and Linde, 1973) and Clostridia 
(Sakaguchi and Murata, 1983).
p-D-glucuronidase can be used in identification methods. Enzymes catalyse 
specific reactions and are specific for certain chemical linkages.
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Figure 2
Metabolic pathway of degradation of hexuronides and hexuronates in E. coli 
UID, p-glucuronidase (EC. 3.3.1.31)
From Novel and Novel (1976)
Glucuronide
V
Glucuronate
A
Fructuronate
A
Mannonate
Gaiacturonide
V
Galacturonate
A
V
Tagaturonate
A
V
Aitronate
2 - keto - 3 - deoxy 
- gluconate (KDG)
V
KDPG
A
V
Pyruvate + 3 - - glyceraldehyde
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When presented with a modified substrate containing this chemical linkage, 
the enzyme can release an indicator moiety, which can then be used to 
identify the organism. If the released substance produces a colour reaction, it 
is called a chromogen, and if the reaction products emit visible light when 
illuminated by ultra-violet light, it is called a fluorogen (Bascomb, 1987).
Two chromogenic substances have been incorporated into E. coli testing for 
glucuronidase production. These are Ortho-nitrophenyl-p-D-glucuronide 
(ONPG) and 4-Methylumbelliferyl-(3-D-glucuromde (MUG). ONPG releases 
a yellow coloration with the reaction of GUD. This is visible in normal light, 
but it is unable to define discrete colonies as the reaction products diffuse 
into the surrounding media, and are not retained within the individual 
colonies (Kilian and Bulow, 1979; Edberg and Kontnick 1986). Dyer (1970) 
had been the first to suggest the use of fluorogenic substrates for the 
detection of enzymes. He further suggested the use of MUG as an indicator 
of an increase in pH. MUG is cleaved by GUD to release the fluorescent 4- 
methylumbelliferone (4-MU), visible at 366nm. This was first added to agar 
by Dahlen and Linde (1983).
MUG also diffuses into the surrounding medium, so the result is ill defined 
(Frampton et al, 1988), though the fluorescence is proportional to the 
number of organisms present (Feng and Hartman, 1982).
Edberg and Edberg (1988) used MUG specifically for E. coli. They argued that 
as the metabolic activity of the target organism is directed towards the 
substrate there is no need for additional tests after a specific colour change 
has been observed.
Dahlen and Linde (1973) utilised MUG as a specific indicator for E. coli, 
obtaining the most pronounced fluorescence from MUG at alkaline pH. 
Mead et al. (1955) showed that the maximum fluorescence of 4- 
methylumbelliferone is reached at pH 10.0, and there was no change in 
intensity of fluorescence on increasing pH to 11.0. Damare et al. (1985) noted 
that acidification of the agar surrounding E. coli colonies in lactose based
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media reduced the discrimination of the individual MUG hydrolysing 
colonies. Slifkin and Gill (1983) recommended the use of saturated sodium 
bicarbonate solution which, when dropped onto non-fluorescing E. coli 
colonies, enabled the fluorescence to be visualised by increasing the pH to 
obtain the maximum fluorescence of the 4-methylumbelliferone as 
suggested by Mead et al (1955). Feng and Hartman (1982) also 
recommended an alkaline solution to reveal fluorescence. Farber (1986) 
observed inhibition of fluorescence when lactose was added to tryptone bile 
broth containing MUG. He suggested that the effect was due to pH, rather 
than an effect on enzyme synthesis, because fluorescence was restored when 
the medium was buffered. Edberg and Kontnick (1986) noted that low pH 
and the colour change in a pH-indicating medium suppressed fluorescence. 
This was also noted by Heizman etal (1988), when using Fluorocult media. 
Boyd et al (1991) found that colonies of E. coli produced varying levels of 
fluorescence, possibly due to varying levels of enzyme expression. However, 
Sarhan and Foster (1991) raised the pH of the medium to 10.3 by the addition 
of glycine buffer and found that fluorescence had not been restored, and 
concluded that inhibition of fluorescence by acid production was unlikely.
Becker (1965) investigated the hydrolysis of phenolphthaiein glucuronide by 
several types of p-glucuronidases in several buffers (all at 0.1M), and 
reported differences between the effects of different buffers. Boyd etal (1991) 
noted that the reading of fluorescence is subjective rather that objective. Ley 
et al (1988) were of the opinion that a better substrate would release a 
contained colour reaction to indicate the activity of GUD. This would 
remove the requirement for a UV light source when examining cultures and 
reduce misinterpretation due to colour bleeding throughout the surrounding 
medium.
5-Bromo-4-chloro-3-indolyl-p-D-glucuronide (called BCIG by most workers, 
though some such as Frampton et al (1988) refer to it as X-GLUC) is split by 
GUD to produce azure blue coloration in specific defined colonies without 
colour diffusion, the other colonies remaining colourless (Jefferson et
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al.f1986). Frampton et al (1988) and Ogden and Watt, (1991) and others 
found that BCIG was a sensitive indicator of GUD activity when included in 
agar plates at a concentration of 50 iig/ml.
Ley et al (1988) described the synthesis of another new compound 
specifically designed to detect E. coli Indoxyl-p-D-glucopyranoside is a 
naturally occurring dye found in the leaves of the plant Indigofera tinctoria, a 
member of the Leguminosae. Chemical synthesis of this and other related 
compounds (Robertson, 1927, Anderson and Leaback, 1961, Horowitz et al, 
1964) have resulted in a range of important reagents for use in molecular 
genetics, because of their ability to monitor the presence of (3-D-glucuronides 
through dye formation. One of these compounds, indoxyl-j5-D-glucuronide 
(IBDG), is split by GUD, producing typical blue colonies with E. coli, due to 
the conversion of the aglycone liberated in the process to indigo, the blue 
dye. Ley etal (1988) used IBDG on their studies on raw sewage. It exhibited 
considerable potential for use in the identification of E. coli in environmental 
samples.
Delisle and Ley (1989) inoculated MacConkey-IBDG agar with urine 
specimens, and the dark blue colonies produced after 18 hours' incubation 
were considered positive for £. coli The colonies were distinct, with no false 
positives noted. However, they obtained 10.5% false negatives, of which 
some were strains of £. coli which took longer than 18 hours to hydrolyse 
IBDG. Delisle and Ley (1989), however, stated that false negatives were not a 
problem in the clinical setting in which they were working, as all IBDG 
negative organisms, if they appeared in sufficient numbers, would be further 
investigated.
According to Merck (manufacturer of biochemicals) "Apart from a few 
Salmonella and Shigella strains, E. coli is the only species belonging to the 
Enterobacteriaceae which contains the enzyme glucuronidase". (3-glucuronidase 
can split the substrate MUG, forming 4-methyl umbelliferone, which can be 
identified as it fluoresces in UV light. A strong indication of the presence of
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E. coli can be obtained Damare et al. (1985) stated that the production of (3-D- 
glucuronidase was a characteristic of 97-98% of E. coli strains. Other studies 
have implied that only a small proportion of E. coli are phenotypically 
glucuronidase negative.
Chang et al (1989) showed that 34% of E. coli of human faecal origin were 
GUD negative using lauryl tryptose broth with MUG. However, lactose 
fermentation was used as a primary identification step, and lauryl sulphate 
tryptose broth contains 0.5% lactose, which has been found to decrease GUD 
activity in some £. coli strains. The increase in glucuronidase activity, noted 
by decreasing lactose concentration in the medium employed, is thought to 
indicate catabolite repression control of GUD production. Using lactose-free 
glycerol phosphate MUG media, several MUG assay negative or weakly 
positive strains of £. coli became MUG positive. E. coli from 3 samples were 
found to be temperature dependant, weakly positive at 37°C but strongly 
positive at 44°C.
Cenci et al (1993) describe a MUG medium using MUG added at a final 
concentration of 50(ug/ml to MacConkey broth containing bromocresol 
purple. They found that, when incubating at 37 °C, the risk of false negatives 
was reduced and the medium gave 98.6% reliability for E. coli detection. 
Others (Chang et al, 1989; Balebona et al,1990 and Brenner et al, 1993) 
consider that the inclusion of indicators and lactose interferes with the 
results when using MUG as the fluorogen.
Brenner et al (1993) utilised a new filter agar medium containing both a 
chromogen, indoxyl-p-D-glucuronide, to detect E. coli and 4-methyl-p-D- 
galactopyranoside, a fluorogen, to detect coliforms. This medium had a false 
positive and negative result of 4.3%. Although the combined specificity rate 
of 95.7% is similar to that reported for other media, it differs from the results 
of Chang et al (1989). After subculturing and storage, 29% of E. coli isolates 
were then glucuronidase negative, which may explain the large number of 
negatives found by Chang et al (1989), or it may be due to the use of lactose
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containing isolation media. However, it is worth noting that the MI agar 
used by Brenner et ah (1993) also contained lactose.
Clark et al (1991) determined that up to 33% of E. coli may be glucuronidase 
negative. These glucuronidase negative isolates, mainly from treated waters, 
may be due to sublethal injury or lack of initial gene expression. Boyd et al 
(1991) examined 65 isolates of E. coli from urine, which were all 
glucuronidase positive, though only three of these were positive when 
inoculated into a medium lacking a fermentable carbohydrate.
Balebona et al (1990) suggest false negative strains of E. coli could be due to 
an inhibition effect exerted by the selective agents of various media which 
may have an effect on the entry of glucuronide into the bacterial cell. 
Glucuronide is transported into E. coli by a permease enzyme. Coyne and 
Schuler (1994) suggest that the reason for MUG negative strains could be the 
failure of the permease to transport MUG across the cell membrane.
Another hypothesis considers the competitive effect to P-glucuronidase 
produced by background flora, in, for example, some samples of shellfish 
(Koberger and Miller, 1985, Balebona et al, 1990). Thus, strains of E. coli 
might not have been isolated on plating media because of the overgrowth of 
competitive flora, while E. coli would have been responsible for a MUG 
reaction in tube methods. Rippey et al (1987) observed such inhibition in 
analyses of shellfish samples with high pollution levels. Ogden and Watt 
(1991) considered that 96% of strains of £. coli are able to cleave p-glucuronic 
acid and the reaction was observed by incorporating ONPG, MUG or BCIG 
into a peptone tergitol agar base (Damare et al, 1985, Frampton et al, 1988). 
As E. coli produces azure blue colonies on BCIG medium, they found that 
this was easier to read than the MUG ( fluorescent at 366nm ) or the ONPG 
which produces yellow colonies. Furthermore, it was found that with the 
BCIG agar, Ogden and Watt (1991) isolated 67 positive E. coli and 3 
glucuronidase negative E. coli Less than 4% of non-fluorescent or non- 
chromogenic isolates on all media proved to be E. coli after identification, and 
the value dropped to less than 2% with BCIG, the preferred medium.
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These findings are in agreement with those of Frampton et al. (1988) who 
compared the effectiveness of BCIG (which they referred to as X-GLUC) 
with MUG values for the two strains of E. coli utilised. They determined that 
BCIG at 50 mg/1 was as effective as MUG at 50 mg/1 in an agar medium, an 
advantage being that BCIG detection does not require ultra violet 
illumination, and the specific reaction produced remains localised in the 
positive colonies and did not diffuse into the surrounding medium. However 
in order to form a solution Frampton et al. (1988) found it necessary to 
dissolve the BCIG in dimethyl formamide. Ogden and Watt (1991) found that 
a concentration of 125 mg/1 was preferred for identification of E. coli, and 
they achieved 98% identification. A disadvantage of BCIG is that, unlike the 
fluorogenic substrate MUG, the deep blue colour produced by BCIG in GUD 
positive colonies may interfere with differential or confirmatory reactions 
involving colour changes (Frampton etal., 1988).
Rice et al. (1990) described an investigation utilising the Colilert test (Access 
Analytical Systems, Branford, Conn.). The Colilert defined substrate test has 
been developed for the direct rapid detection from water samples of total 
coliform bacteria, based upon the demonstration of (3-galactosidase activity 
by using the chromogenic substrate ONPG and of E. coli, based upon the 
demonstration of (3-glucuronidase activity on MUG. A total of 620 
mammalian isolates of E. coli were investigated. Results showed 95.5% GUD 
positive isolates in 24 hours and 99.5% in 28 hours. Only one sample was 
negative. These findings corroborate the reports of other investigators 
(Edberg etal, 1989, Beebe etal, 1991, Gale and Broberg, 1993, Cowburn etal, 
1994) which indicate that 90% or more of strains of E. coli isolated from a 
variety of sources contain the enzyme (3-D-glucuronidase.
Although a small percentage of E. coli are (3-glucuronidase negative, it has 
been reported that environmental samples are likely to contain a mixture of 
strains, thus considerably reducing the chances of false negative results 
(Robison, 1984, Adams et al, 1990). False positive results may also be 
acceptable since most other (3-glucuronidase positive bacteria are 
undesirable in food or water samples. The relative specificity of (3-
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glucuronidase activity has been indicated in many previous studies. Perez et 
al (1986) concluded that the p-D-glucuronidase test was positive in 4 hours 
in 92% of the E. coli strains tested, and considered that the p-D-glucuronidase 
test is sensitive and rapid enough for identification of E. coli, together with a 
positive indole test.
However, whatever p-D-glucuronidase detection system is used, numerous 
extraneous factors may influence the results. These include carbohydrate 
concentration and selective agents in the media, incubation time and 
temperature, as well as pH changes and ionic strength effects (Kushinsky et 
al, 1967). Interference by large numbers of competing bacteria may 
contribute problems in E. coli assays based on methods used in detecting this 
enzyme (Hartman, 1989; Manafi etal, 1991).
1.9 Genetic characterisation
Genetic information is stored as a sequence of bases in deoxyribonucleic acid 
(DNA). These molecules are double stranded with complementary bases, 
adenine-thymine and guanine-cytosine, paired by hydrogen bonds. Each of 
these four bases is bonded to phospho-2' deoxyribose to form a nucleotide. 
The length of the DNA molecule is usually expressed in thousands of base 
pairs, or kilobasepairs (kbp) (Madigan etal, 1997).
The polymerase chain reaction (PCR), introduced in 1986, is being 
increasingly used to characterise microorganisms from environmental 
samples (Cleuziat and Robert-Baudouy, 1991, Bej et al, 1991). According to 
Olive (1989), PCR can detect a single micro-organism and can be used on 
mixed microbial specimens including E. coli without the isolation of 
individual cells.
PCR is an in vitro method for the amplification of defined segments of DNA 
(see figure 3). It involves melting the DNA to convert its double strand to 
single strands. These single strands are used as templates for rebuilding 
complementary strands (Steffan and Atlas, 1988).
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Figure 3 
Schematic representation of the PCR process
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In addition to the four deoxynucleotide triphosphates which are substrates 
for the reaction, two molecules of DNA are required: one is the DNA 
template to which the substrate deoxynucleotide triphosphate molecules 
pair, and the second is the primer to which the nucleotides are attached as a 
consequence of polymerization. The template DNA determines the sequence 
of addition of deoxynucleotides to the primer DNA molecule.
The polymerization of DNA is catalysed by the DNA polymerase enzymes. 
Three different DNA polymerases are present in E. coli: Polymerase I which 
can hydrolyse an RNA primer and duplicate single stranded regions of 
DNA, Polymerase II, whose role remains unclear, and Polymerase HI, which 
catalyses the addition of nucleotides to an RNA primer (Madigan el a l,1997).
The use of PCR for the identification and enumeration of micro-organisms 
requires that the nucleotide sequence of a portion of the desired gene is 
known and complementary specific primers are selected (Atlas, 1991). PCR 
amplification consists of several steps. First the DNA under investigation is 
heated to 100°C so that the double helix splits apart. Next, it is cooled to 55°C 
and short oligonucleotide primers are attached to the two ends of the target 
sequence (Ward, 1997). The mixture is then heated to 72°C along with the 
four chemical nucleotides that constitute DNA and the enzyme DNA 
polymerase. This enzyme encourages the bases to bind to the primers and to 
one another and so regenerate the complementary strand. The new duplexes 
are then reheated to 100°C and the process repeated (Steffan and Atlas, 1988). 
With repeated cycles the PCR reaction leads to an exponential increase in the 
DNA that is produced from the initial target.
The DNA molecule that forms the Escherichia coli chromosome is about 4700 
kbp (Madigan et al, 1997). Each base pair is separated from the next by about 
0.34nm so that the total length of the chromosome is roughly 1mm. This is 
coiled within the bacterial cell.
Ribonucleic acid (RNA) occurs in the single stranded form, the base uracil 
replacing the thymine, resulting in complementary base pairings of uracil-
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adenine and cytosine-guanine. The general function of RNA is the 
communication of DNA gene sequences in the form of messenger RNA 
(mRNA) to ribosomes. Within the ribosomes which contain ribosomal RNA 
(rRNA), messages are translated into the amino acid structure of proteins via 
transfer RNA (fRNA). As some genes that code for rRNA are conserved in all 
bacterial species, PCR can be used to amplify the corresponding segments of 
DNA and thus monitor the presence or absence of bacteria in environmental 
samples (Atlas, 1991). The primers used to detect total bacteria are universal 
for all eubacteria and anneal to the conserved regions of the genes coding for 
rRNA. For PCR to be used on environmental samples, target DNA must be 
recovered. Bacterial cells can be recovered from environmental samples by 
centrifugation or filtration. The cells can then be lysed and the nucleic acids 
purified to make them suitable for PCR (Atlas, 1991).
Three key points regarding the use of PCR must be emphasised (Tenover, 
1994). Firstly, in order to use PCR to detect a microorganism in a sample, 
specific primers must be constructed, which means that the specific 
nucleotide sequence data must be available for the organism in question.
Secondly, PCR must be conducted under tightly controlled conditions of 
ionic strength, temperature, and primer and nucleotide concentration. 
Deviations can result in non-specific amplification. Finally, the assays must 
conducted so as to minimise the possibility of outside contamination of the 
sample. PCR can conceivably be adapted to any microbial system in which 
characteristic gene sequences are known for a specific pathogen (Olive et al,
1988).
Some difficulties can be experienced when using environmental samples as 
some sediments and water samples contain humic acids which interfere with 
pathogen and parasite detection (Rodgers et a l, 1992). These must be 
removed from the nucleic acids to avoid inhibition of the PCR process (Atlas,
1991). Tsai et al (1993) observed that the use of PCR for identifying specific 
organisms from environmental samples has been problematical because of
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the presence of various interfering molecular fragments. According to Atlas 
(1991), the environmental applications of PCR include the detection of 
specific bacteria in environmental samples, the environmental monitoring of 
genetically engineered micro-organisms and the detection of indicator 
organisms. This has been applied to E. coli, Legionella pneumophila and 
Salmoiiella spp., (Bej et al, 1991) Giardia (Mahbubani et al, 1991) and 
Cryptosporidium (Johnson etal, 1992).
PCR offers a sensitive method for the detection of p-glucuronidase, 
amplification of the uid A  region of the gene can detect Escherichia coli in 
environmental waters (Cleuziat and Robert-Baudouy, 1991).
Polymerase chain reaction (PCR) methodology has been used by several 
workers including Fricker and Fricker (1994), in attempting to determine the 
percentage of p-D-glucuronidase positive strains of E. coli. Colony blotting 
techniques have been used to detect gene sequences in both phenotypically 
positive and negative Escherichia spp. Feng et al (1990) noted that a probe 
specific for the uid A  gene of E. coli hybridized with 112 of 116 isolates 
examined including 31 p-D-glucuronidase negative isolates. Further 
hybridizations suggested that the uid A  gene sequence is present in most E. 
coli strains.
Cleuziat and Robert-Baudouy (1991) found that all phenotypically 
glucuronidase positive strains as well as a high percentage of glucuronidase 
negative strains hybridised with uid A probes. Cleuziat and Robert-Baudouy 
(1991) indicated that it was possible to use PCR to confirm the specificity of 
uid genes for E. coli and Shigella spp. independently of the p-glucuronidase 
phenotype of bacterial strains. It was not possible to distinguish E. coli from 
Shigella spp. This was confirmed by Bej et al (1991), who utilised the uid A 
genetic probe to detect as few as 1-2 cells but they could not distinguish 
between £. coli and Shigella spp. They concluded that the molecular evidence of 
a close relationship between E. coli and Shigella spp. raises questions regarding 
the assignment of certain strains to species.
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Fricker and Fricker (1994) utilised the primer sequence for the uid A  gene and 
tested 117 isolates of E. coli All possessed the gene for (3-glucuronidase 
production and could therefore be considered as E. coli This positive result 
was seen in strains of E. coli which did not express (3-glucuronidase. However 
PCR amplification of DNA is unlikely to be of use for direct detection of 
bacteria in treated drinking water, since the PCR reaction will amplify DNA 
from both viable and non-viable cells, even the fragments of the living 
biofilm layer which usually resides on the inner surface of metal pipework 
(Anon, 1995).
Indeed the PCR process will even amplify the DNA from previously 
autoelaved (killed) material (Anon, 1995). Some active discriminating 
method must therefore be used to identify viable and non-viable cells.
Bej et al (1991) tested 4 clinical MUG negative Escherichia coli isolates, 20 
environmental MUG positive Escherichia coli isolates and 10 environmental 
MUG negative isolates. They concluded that bacteria associated with human 
faecal contamination of potable water can be detected by PCR and gene 
probe detection of uid A  and uid R, a portion of the regulatory region of the 
uid operon, which is located upstream of the uid A structural gene (Blanko et 
al, 1985). PCR showed positive amplifications of both uid A  and uid R for 
MUG negative Escherichia coli isolated from both clinical and environmental 
samples and concluded, as had Cleuziat and Robert-Baudouy (1991), that the 
uid chromosomal region is a very specific gene marker of the species 
Escherichia coli and Shigella spp., allowing a reliable identification of organisms 
at the genetic level.
Fricker and Fricker (1994) applied PCR to the identification of E. coli and 
coliforms using two sets of primers. The primer for E. coli identified all the 
strains of E. coli tested as well as five non-E. coli coliforms. The coliform 
primer set identified 70% of the coliforms tested. Fricker and Fricker (1994) 
concluded that PCR can be used for the rapid identification of E. coli.
Two other genetic regions in E.coli, lac Z and lam B, can be amplified by PCR,
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and detected with a gene probe. This method will detect 1-5 cells of E.coli /  
100 ml water (Bej etal, 1989; Cleuziat and Robert-Baudouy, 1991). In tests of 
environmental water samples the lac Z PCR method gave results statistically 
equivalent to those of the plate count and defined substrate methods and the 
uid A  PCR method was more sensitive than MUG based defined substrate 
tests for the specific detection of E. coli
Legionella pneumophila, the causative organism of legionellosis, can be detected 
on the basis of PCR and gene probes. Serogroups of L. pneumophila are 
detected on the basis of amplification of a portion of the coding region of the 
macrophage infectivity potentiator (mip) gene. Atlas (1991) reports that 
both viable culturable and viable non-culturable cells (formed during 
exposure to hypochlorite) show positive PCR amplification, while non- 
viable cells do not. The Laboratory of the Government Chemist (1995) 
reported that even autoclaved debris from cooling towers would exhibit a 
positive result when amplified for the detection of Legionella spp. using PCR.
Giardia spp., the most common cause of waterborne protozoan infections in 
the United States, can be assayed using PCR. Amplification of different 
regions of the polymorphic giardin gene can be used to discriminate between 
the human-relevant species of the G. duodenalis type, including G. lamblia and 
other Giardia species. (Abbaszadegan et al, 1991). By measuring the amounts 
of giardin mRNA before and after induction of excystation, it is possible to 
discriminate between live and dead Giardia cysts (Mahbubani etal, 1991).
1.9.1 Antigenic determination
E. coli can be detected using monoclonal antibodies directed against the 
proteins of the outer membrane of the cell wall, or against alkaline 
phosphatase, an enzyme in the periplasmic space of the cell (Joret et al.,
1989). Although some monoclonal antibodies are specific for E. coli and 
Shigella sp., they lack specificity (Kfir et ah, 1993).
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1.10 Hypotheses
From a consideration of the current literature, it would appear that the 
hydrolysis of 4-methylumbelliferyl p-D-glucuronide (MUG) may be a 
reliable indicator of the presence of E. coli in a high proportion of cases.
It may well be that other glucuronide substrates will facilitate or enable 
more accurate recognition of the identity of E. coli.
The efficacy of these substrates may be affected by variation in the 
cultural conditions or media components.
Bacterial strains originating from various sources may exhibit differing 
reactions to the same substrate.
This study was therefore undertaken in an attempt to illustrate whether a 
simple one step procedure will establish or confirm the identity of E. coli. 
The work comprised a series of experiments which sought to define a 
reliable method for the identification of E. coli.
The following sections of this thesis describe the methods by which a variety 
of bacteria, including E. coli, were obtained from various sources, and 
cultured on different media, including different glucuronide substrates. The 
results are tabulated, analysed and discussed in later sections, leading to 
conclusions and recommendations for extending this work.
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2.0 Materials and Methods
The experiments described here are a series of comparisons in order to 
evaluate cultural requirements for the recognition of glucuronidase 
producing strains of Escherichia coli and associated organisms.
2.1 Identification of organisms
The API 20E test was introduced in 1970, comprising a preset battery of 23 
biochemical tests: twenty tests plus oxidase, and reduction of nitrate to 
nitrite and/or to nitrogen gas ( Smith et al., 1972).
These tests were further refined in 1973 when API introduced a numerical 
approach, the Profile Recognition System, based on a study of a sample of 
25,000 results obtained worldwide with the API 20E (Holmes et al., 1978).
A seven digit profile is derived from the results of the API 20E.
To the 20 biochemicals contained in the API 20E, the oxidase test is added to 
make 21 tests. These are divided into seven groups of three. The positive 
reactions are recorded and assigned a numerical value.
The biochemical tests are grouped in triplets in the API strip. After 24-48 
hours incubation at 37°C, the reactions are noted and the numerical profile 
determined. For each of the 7 sets of 3 tests, a value of one is assigned to the 
first biochemical reaction, two to the second reaction and four to the third 
reaction. The resulting 7-digit code is decoded in the API profile index.
The numerical result is identified by reference to the Analytical Profile Index 
which lists profiles of organisms from these it is possible to make an 
accurate identification.
The tests are separated into groups of 3 and a number (1,2, or 4) is indicated 
for each test. By adding within each group of 3 the numbers corresponding 
to positive reactions, 7 digits are obtained which constitute the profile 
number.
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Basis of the API 20E Identification System
Table 2.1
TEST SUBSTRATE R E A C TIO N /E N ZY M E
O NPG ortho-nitro-phenyl galactosidase beta-galactosidase
A D H arginine arginine dihydrolase
LDC lysine lysine decarboxylase
ODC ornithine ornithine decarboxylase
C IT sodium citrate citrate utilization
h 2s sodium thiosulphate H 2S production
URE urea urease
TD A tryptophan tryptophan deaminase
IN D tryptophan indole production
VP sodium pyruvate acetoin production
GEL Kohn's gelatin gelatinase
G LU glucose ferm entation/oxidation
M A N m annitol ferm entation/oxidation
IN O inositol ferm entation/ oxidation
SOR sorbitol ferm entation/ oxidation
R HA rhamnose ferm entation/ oxidation
SAC sucrose ferm entation/ oxidation
M EL melibiose ferm entation/ oxidation
A M Y am ygdalin ferm entation/oxidation
ARA arabinose ferm entation/oxidation
O X I on filter paper cytochrome-oxidase
N 0 3 --N 0 2 - G LU  tube N O 2' production/reduction to N 2 gas
Figure 4
An API report sheet
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2.2 Sources of organisms
The organisms used in this work were obtained from three sources, 
categorised A, B and C, as explained below.
Those denoted Al-34 (Table 2.2.1) were obtained from clinical specimens, 
mostly urines, isolated in the Bacteriology Laboratory at Frimley Park 
Hospital. These were initially recovered from MacConkey agar (Merck) and 
after identification by the API 20E system (bioMerieux) were stored on 
nutrient agar slopes (Merck). Although other bacteria such as Klebsiella sp. 
and Enterobacter sp. were also isolated, only the organisms identified as £. 
coli were retained for further experiments. Details of the media used are 
given in Appendix 1.
A second group of organisms, those denoted Bl-23 (Table 2.2.2), were 
obtained via the Norwich Union Coastwatch surveys. Norwich Union 
Coastwatch was a practical project concerned with issues of coastal 
management in an endeavour to raise public awareness of coastal zone 
issues at local, regional, national and international levels. It also attempted 
to provide an insight into major European problems and threats to the 
British coastline, to gather baseline data for a variety of participating 
countries, to aid coastal protection and also to assist interdisciplinary 
environmental education. Volunteers were allocated a 5 km block of 
coastline to survey during a common survey period. The presence of sewage 
pollution was investigated by some volunteer groups using membrane 
filtration techniques (Rees and Pond, 1992). These 'presumptive' E. coli were 
returned to the laboratory at Famborough in order to verify their results. 
These organisms were returned to the laboratory on nutrient agar slopes. 
They were then replated onto MacConkey agar and the presumptive E. coli 
confirmed using the API 20E system. These were all isolated from marine 
waters.
A third group of bacteria Cl-22 (Table 2.2.3) were obtained from various 
marine and estuarine sources along the Chichester channel.
Table 2.2.1
Identification of organisms of clinical origin
Organism ref no API Profile Species
A l 5044552 E. coli
A 2 7144532 E. coli
A 3 5144572 E. coli
A 4 5044552 E. coli
A 5 5144552 E. coli
A 6 7144552 E. coli
A 7 5144512 E. coli
A 8 7144533 E. coli
A 9 7144573 E. coli
A 10 5144552 E. coli
A l l 5044553 E. coli
A 12 5144552 E. coli
A 13 5044553 E. coli
A 14 5144572 E. coli
A 15 5144572 E. coli
A 16 5144552 E. coli
A 17 5144552 E. coli
A 18 5144552 E. coli
A 19 5144552 E. coli
A 20 7144552 E. coli
A 2 3044562 E. coli
A 22 5044573 E. coli
A 23 5044552 E. coli
A 24 7144553 E. coli
A 25 5144553 E. coli
A 26 7144573 E. coli
A 27 5044572 E. coli
A 28 5144512 E. coli
A 29 5144572 E. coli
A 30 4144532 E. coli
A 31 5044552 E. coli
A 32 5044572 E. coli
A 33 5144552 E. coli
A 34 1044552 E. coli
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Identification of organisms from Coastwatch surveys
Table 2.2.2
Organism ref no API Profile Species
B 1 1044572 Citrobacter freundii
B 2 7144562 E. coli
B 3 7144573 E. coli
B 4 7144572 E. coli
B 5 7144573 E. coli
B 6 1344572 E. coli
B 7 1144552 E. coli
B 8 7144752 E. coli
B 9 5144573 E. coli
BIO 7144572 E. coli
B 11 1144162 E. coli
B 12 5144572 E. coli
B 13 5104572 E. coli
B 14 1144572 E. coli
B 15 7144552 E. coli I
B 16 5144512 E. coli
B 17 1144572 E. coli
B 18 5144572 E. coli
B 19 5144572 E. coli
B 20 5144572 E. coli
B 21 5144572 E. coli
B 22 7144552 E. coli
B 23 1144572 E. coli
Identification of organisms of marine and estuarine origin
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Table 2.2.3
Organism ref no API Profile Species
C l 5144572 E. coli
C 2 5144572 E. coli
C 3 5144552 E. coli
C 4 5144572 E. coli
C 5 5144572 E. coli
C 6 5144552 E . coli
C 7 5144572 E. coli
C 8 5144152 E. coli
C 9 7144512 E. coli
CIO 5144572 E. coli
C l l 5144573 E. coli
C 12 1215773 Klebsiella pneumoniae
C 13 1044153 Enterobacter agglomerans
C 14 1305553 Enterobacter cloacae
C 15 5215773 Klebsiella pneumoniae
C 16 1205573 Enterobacter agglomerans
C 17 3305773 Enterobacter cloacae
C 18 3305563 Enterobacter cloacae
C 19 3305573 Enterobacter cloacae
C 20 5215773 Klebsiella pneumoniae
C 21 3305573 Enterobacter cloacae
C 22 5245773 Klebsiella oxytoea
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Water samples were collected, and membrane filtration was performed to 
quantify the micro-organisms and the resultant bacteria were identified by 
the API 20E system. As well as the strains of Escherichia coli, isolates of 
Citrobacter freundii, Klebsiella sp. and Enterobacter sp. were retained to 
compare their reactions with those of E. coli. These organisms are commonly 
occurring in water, although not recognised as faecal indicator organisms 
and thus must be differentiated from E. coli in any testing method for 
identifying E. coli.
2.3 Routine procedures
2.3.1 Maintenance of cultures
The test organisms were maintained on Oxoid nutrient agar slopes and 
subcultured at 6 monthly intervals onto fresh slopes. For experimental use 
the organisms were initially inoculated onto nutrient agar plates and 
streaked out to obtain discrete colonies. This also functioned as a purity 
check. An individual colony was required for each test. This was inoculated 
(stabbed) with a straight wire into the medium under investigation. Apart 
from an initial screening test to determine the number of organisms required 
to produce a positive reaction, all the work was undertaken on solid media.
2.3.2 Media preparation and storage (see Appendix I)
The required medium, whether to commercial formulation or experimental 
specification, was weighed out, diluted with an appropriate volume of 
distilled water. Liquid media (broths) were aliquotted before being 
autodaved in Pyrex test-tubes sealed with metal caps. Solid media (agars) 
were autodaved in bulk before being aseptically distributed into either 
90mm Sterilin triple vent disposable plates containing 20ml of agar or 
100mm x 100mm Sterilin "repliplates", which are divided into 25 discrete 
compartments, each of volume 2.0ml, allowing 25 individual tests to be 
performed simultaneously - see Figure 5. Sterilin repliplates also allowed for 
control uninoculated sections within the plate and also replication of each 
sample on the same plate.
Figure 5
Sterilin repliplate (full size)
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After preparation and before use, these media were stored in a refrigerator. 
When required they were brought to room temperature for one hour before 
being inoculated with a single discrete colony of the organism under test 
and incubated at either 37°C or 44°C for the appropriate time.
2.3.3 Standardisation
In all of the following experiments, the procedures were duplicated. For 
quality control purposes, control uninoculated media were also included in 
every procedure, and incubated under the same conditions as the test.
2.3.4 Recognition of positive reactions
Where MUG was the substrate, the plates were examined under an UV lamp 
at 366 nm. A positive result was recorded on the appearance of fluorescence 
in the media, due to the production of umbelliferone. A negative result was 
recorded when no fluorescence was visible under UV light. The same result 
was given by Fluorocult.
Where BCIG and IBDG were the substrates, a blue coloration visible to the 
naked eye indicated a positive reaction. A negative result was indicated by 
the absence of blue coloration, merely the cream coloured bacterial growth.
A coloured reaction was also the result of the action of glucuronidase on 
"Chromagar", where E. coli appeared as a pink coloured colony. Other 
organisms exhibited different col out’ reactions on this medium. For example, 
Shigella sp., Klebsiella sp. and Enterobacter sp. were blue.
In the results tables, the time of first appearance of the enzymic reaction was 
recorded for positive results, and a negative result was recorded when there 
was no reaction after overnight incubation.
2.3.5 Statistical methods
In order to assess the effectiveness of different experimental treatments, a 
statistical calculator (Casio fx-82SX) was used to process data. The means of 
positive values from the results tables were calculated and taken as a
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subjective measure of centre for comparison purposes.
The significance of any differences attributable to different treatments was 
authenticated on a series basis using the Wilcoxon Signed Rank Test 
(Edmonson and Druce, 1996). This statistical test has the effect of testing the 
significance of any difference between matched samples, which occurred 
when the same strains were subjected to different treatments (cultural 
techniques).
Non-zero differences between matched samples were calculated, then 
ranked. The sum of the ranks of all the positive differences, called T+ , as 
well as the sum of the ranks of all the negative differences, called T_, and 
the number of non-zero differences were calculated. The smaller value of T 
was compared to a value Tcrit obtained from a table according to the number 
of non-zero differences at given levels of probability. A one-tailed test was 
used because specific forecasts were being analysed. The result was taken 
to be significant when the observed T value was less than or equal to the 
critical value.
A summary of these statistical analyses are presented in Appendix II.
2.4 Experimental variations
Although standard microbiological techniques were used throughout this 
investigation, minor variations were made in a progressive fashion. These 
details are included in the preamble to each results section.
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3.0 Results
The results of this investigation take the form of presence or absence of 
growth, or the time taken for a discriminatory result on various media. These 
are recorded in tabular form. In all cases the replicated tests gave comparable 
results to one another, so the actual figures in the tables give a clear 
representation of the effects attributable to the various treatments.
3.1 Inoculum size required for hydrolysis of MUG on agar media
The first experiment was performed in order to determine the numbers of 
organisms required to give a positive reaction due to the hydrolysis of MUG, 
indicated by the appearance of fluorescence under the prevailing laboratory 
conditions.
Tenfold dilutions of overnight broth cultures of a selected environmental 
strain of E. coli (B 12) were prepared in Ringers solution. Duplicate pour 
plates of each dilution were prepared using Oxoid plate count agar to which 
0.28% tetrazolium chloride had been added. 2,3,5 triphenyl tetrazolium 
chloride is an indicator of bacterial growth. It is an electron acceptor, and 
when reduced changes colour from pale yellow to red due to the production 
of formazan. Plates were incubated at 37°C and 44°C for 18 hours to 
determine the number of organisms in the original sample.
For each dilution, 0.5 ml of broth culture was stabbed into a medical flat 
containing 50 ml of semisolid nutrient agar with 50 jug/1 of MUG.
Extrapolating from the results in Table 3.1, it can be seen that 103 organisms/ 
ml were not sufficient to give a positive reaction after 6 hours incubation. 
However, 104 organisms/ml added at the start (T=0) could metabolize MUG 
to give a positive reaction after 6 hours. This result did not appear to be 
temperature dependant. A theoretical contamination level of 104 organisms/ 
ml would represent a heavy level of contamination in a potable water 
sample.
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Inoculum size required for hydrolysis of MUG on agar media
Table 3.1
Incubation
temperature
/°C
Number of organisms 
added at start
Time after inoculation 
/hours
4 5 6 24
37 1.18 xlO6 - + /- + + !
1.18 xlO5 - - + +
1.18 x 104 - - + +
1.18 x 103 - - - +
1.18 xlO2 - - - +
44 1.04 x 106 - + /- + +
1.04 x 105 - - + +
1.04 xlO4 - - + +
1.04 xlO3 - - - +
1.04 xlO2 - - - +
+ Fluorescence visible under UV light 
No fluorescence 
+ /-  Denotes a weak reaction
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3.2 Screening experiment for the presence of glucuronidase in a 
range of micro-organisms
The stab method and media used were as previously described (Section 2.3). 
The test organisms were laboratory specimens originally obtained from the 
National Collection of Type Cultures, Colindale. These had been maintained 
on nutrient agar slopes and checked for purity before use. A single discrete 
colony was used in each case. The duplicate bottles were incubated at 37°C 
and 44°C and examined hourly for up to 6 hours for fluorescence, and then 
incubated for up to 24 hours if a negative result was still obtained. A 
positive result was recorded as the time of the first appearance of discernible 
fluorescence.
Various members of the Enterobaderiaceae have been found to produce 
glucuronidase, as previously described (Section 1). From the results in Table 
3.2, one can see that the only organisms in this investigation which were able 
to produce glucuronidase and split MUG within 6 h under the prevailing 
conditions were the two strains of E. coli Both the Shigella and Salmonella 
species gave a negative reaction.
3.3 Rate of hydrolysis of MUG in solid and liquid media
The stab method and media used were as previously described (Section 2.3) 
and concurrently liquid nutrient broth with MUG at the same concentration 
was used in an endeavour to establish which medium gave a faster result. A 
single colony of a clinical isolate of E. coli was used as the inoculum in each 
case. The duplicate bottles were incubated at 37°C and examined hourly for 
fluorescence.
The plate reactions were faster than those in the broth (see Table 3.3), as the 
developing colony resulting from bacterial multiplication was confined to a 
relatively small area/volume within the solid medium, and the reaction 
occurred at that site. Eleven isolates gave a positive reaction in 1 hour and all 
were positive after 2 hours.
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Screening experiment for the presence of glucuronidase in a 
range of micro-organisms
Table 3.2
Organism Fluorescence @37° C Fluorescence @44°C
Time in hours Time in hours
3 4 5 6 24 3 4 5 6 24
E. coli (BID - + + + + - + + + +
E. coli (C3) + + + + - + + + +
Enterobacter 
cloacae (C14) '
“ — “ ”
Enterobacter 
agglomerans (Cl 6) ' '
” — “
Klebsiella oxytoca 
(C2D ' '
— “
Klebsiella 
pneumoniae (CIO) ' '
” “ _ “
Bacillus subtilis - - - - - - - - - -
Enterococcus
faecalis '
” — _ “
Proteus mirabilis - - - - - - - - - -
Pseudomonas
aeruginosa ' '
“ ~ — - “
Pseudomonas
fluorescens
“ — “ “
Pseudomonas fragii - - - - - - - - - -
Salmonella
typhimurium
” ** -
Salmonella
dublin
“• “ -
Serratia
marcescens
*“ “ - -
Staphylococcus
aureus
— “ _ _ "" “ - -
Legionella
pneumophila
“ “ “ “ “ -
Shigella sonnei - - - - - - - - - -
+ Fluorescence visible under ultra violet light 
No fluorescence visible under ultra violet light
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Rate of MUG hydrolysis on solid and liquid media using 
different strains of E. coli
Table 3.3
Nutrient agar 
with MUG
Nutrient broth 
with MUG
Time taken for a positive reaction 
/h
Organism 1 2 3 4 5 1 2 3 4 5
A23 + +
A24 + +
A25 + +
A26 + +
A27 + +
A28 + +
A29 + +
A30 + +
A31 + +
A32 + +
A33 + +
A34 + +
A35 + +
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In the case of the broth cultures, the organisms were able to disperse within 
the solution and the effect of any fluorescence dispersed. They thus had to 
multiply before a positive result was observed,
3.4 The effect of selective agents on the rate of hydrolysis of MUG
The next experiment (see Tables 3.4a and 3.4b) was performed to determine 
whether glucuronidase production could be visualised more easily in media 
containing no coloured reagents, and also to see whether bile salts and 
elevated temperature had a selective effect on the growth of E. coli. Nutrient 
agar with MUG was compared to nutrient agar with bile salts and MUG at 
two temperatures.
90 mm Sterilin plates were used and the test organisms inoculated by a stab 
method, as previously described (Section 2.3). The two media utilised were
a) Nutrient agar plus MUG, and Nutrient agar plus 0.5 g/1 bile salts plus 
MUG.
b) MacConkey agar plus MUG, Brilliant Green agar plus MUG and BCIG 
medium.
Duplicate plates were incubated at 37°C and 44°C for 18 hours.
The temperature of 44°C was used in order to encourage the growth of E. 
coli. In all four strains of Klebsiella spp. and Enterobacter spp.f fluorescence was 
not observed at either temperature (see Table 3.4a). However it should be 
noted that, at 44°C and in the presence of bile salts, the growth of these 
organisms had been reduced, thus putting E. coli at a selective advantage.
In the second part of this experiment using coloured media, (see Table 3.4b), 
the presence of indicators interfered with the recognition of fluorescence in 8 
out of 10 cases.
The fermentation reaction of the lactose produced a colour change from red 
to pale pink in the MacConkey agar and green to yellow in the Brilliant 
Green agar. This caused interference with the interpretation of results, as a
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positive MUG result is indicated by green-blue fluorescence.
The action of glucuronidase is indicated by the blue coloration of the 
colonies on the BCIG medium. BCIG gave a distinct result, its splitting by 
GUD releasing a blue aglycone which colours the bacterial colony and leaves 
the surrounding media unchanged. BCIG medium is therefore specific for 
glucuronidase production and also contains antibiotics to positively select 
for the presence of E. coli. It is also expensive to prepare, due to the 
antibiotics and inhibitors in its composition which must be added after 
autoclaving and thus making media preparation a more labour intensive 
exercise (see Appendix I). Glucuronidase activity was not exhibited by the 
other Enterobacteriaceae examined, as indicated by the lack of growth on 
BCIG. However, fluorescence was noted on the MacConkey agar with MUG 
plates inoculated with Enterobacter sp.
The isolate of E. coli denoted C4, which gave a dubious result due to the 
conflicting yellow coloration on the reduction of Brilliant Green, had given 
an easily discernible positive reaction in the previous experiment. All the 
isolates of £. coli gave an easily observed positive reaction which might 
imply that indicators have now masked or inhibited the positive reaction.
3.5 Comparison of time taken for hydrolysis of MUG and BCIG 
by various strains of £. coli of clinical origin
The stab method was used to compare the rate of the glucuronidase reaction 
with different experimental media. The test organisms were selected from 
the A series - acquired from a hospital source. 2ml replicate volumes were 
contained within each well of a 100 x 100 mm Sterilin repliplate. The 
duplicate cultures were incubated at 37°C and examined hourly for 
fluorescence and pigment production.
The media used for comparison were nutrient agar plus MUG and BCIG 
agar.
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The effect of bile salts on the rate of hydrolysis of MUG by 
various members of the Enterobacteriaceae
Table 3.4a
Nutrient Agar + MUG Nutrient Agar + Bile + MUG
Growth Fluorescence Growth Fluorescence
Temperature 37° 44° 37° 44° 37° 440 370 44°
Organism
C l 
E. coli
+ + + + + + + +
C2 
E. coli
+ + + + + + + ■4*
C3 
E. coli
+ + + + + + + +
C4 
E. coli
+ + + + + + + +
C5 
E. coli
+ + + + + + +
C ll
E. coli
+ + + + + + + +
C14
Enterobacter
cloacae
+ + + + / -
C16
Enterobacter
agglomerans
+ + + + / -
C20
Klebsiella
pneumoniae
+ + + + / -
C22
Klebsiella oxytoca
+ + — — + + /- - -
Results were determined after 18h incubation.
+ Colonies visible to the naked eye 
No visible change 
+ / “ Denotes reduced growth
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A comparison of effectiveness between two self-indicating agars 
containing MUG, and BCIG medium, using various members of 
the Enterobacteriaceae
Table 3.4b
MacConkey agar 
+ MUG
2% Brilliant Green 
agar + MUG
BCIG medium
Organism Growth Fluorescence Growth Fluorescence
C l 
E. coli
+
"
+
'
Blue colonies
C2 
E. coli
+ - + Blue colonies
C3  
E. coli
+ + Blue colonies
C4 
E. coli
+ “ + +/- Blue colonies
C5
E. coli
+ — + Blue colonies
C ll 
E. coli
+ “ + Blue colonies
C14
Enterobacter
cloacae
+ F + NG
C16
Enterobacter
agglomerans
+ F + NG
C20
Klebsiella
pneumoniae
+ + NG
C22
Klebsiella
oxytoca
+ +
_ ____________
NG
...
Results were determined after 18h incubation at 37°C.
NG No growth 
F Colonies appeared fluorescent under normal illumination
+ Colonies visible to the naked eye
No visible change 
+ / -  Indicates an inconclusive result
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When utilising MUG to determine the identification by glucuronidase 
activity of the 22 strains of E. coli tested, 16 were positive, and 6 were 
negative (see Table 3.5a). BCIG showed the same pattern, but in addition one 
isolate "became positive" after 18h so that the final result was 17 positive and 
5 negative strains.
The organisms used in this test were all cultured from MacConkey agar 
slopes. However, when the organisms were passaged by subculturing onto a 
lactose-free medium, and when further tested with BCIG, four of the strains 
exhibited glucuronidase production (see Table 3.5b), although their reaction 
in the presence of MUG was still negative.
3.6 Comparison of time taken for hydrolysis of MUG and IBDG 
by various environmental strains of E. coli
The stab method was again used to compare the rate of the glucuronidase 
reaction with different experimental media. The test organisms were 
selected from the B and C series - environmental strains. The duplicate 
cultures were incubated at 37°C and examined half-hourly for fluorescence 
and pigment production.
This test examined the relative speed of reaction between nutrient agar with 
MUG and IBDG (see Table 3.6). In these circumstances, 6 of the isolates gave 
a positive reaction within 2h utilizing MUG as the glucuronidase substrate 
while in the case of IBDG only after 3h was a positive reaction observed in 6 
cases.
The positive reaction with IBDG is indicated by a dark blue colour due to 
aglycone production. This is easily visible to the naked eye.
A disadvantage experienced in the interpretation of the results of this 
experiment was that the edge of the "stab" through the IBDG agar gave an 
appearance which could easily be mistaken for a blue colour, and thus might 
encourage a false positive result.
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A comparison of time taken for hydrolysis of MUG and BCIG by 
various strains of E. coli of clinical origin
Table 3.5a
Organism
No.
Nutrient Agar 
plate + MUG
BCIG
Al + 2h + 3h
A2 - 18h - 18h
A3 - 18h - 18h
A4 - 18h - 18h
A5 + 2h + 3.5h
A6 - 18h - 18h
A7 + 2.5h + 3.5h
A8 + 2.5h + 3.5h
A9 + 2.5h + 3.5h
A10 -18h + 18h
A ll + 4h + 3.5h
A12 - 18h - 18h
A13 + 2h + 3.5h
A14 + 2.5h + 3.5h
A15 + 2h + 3.5h
A16 + 2.5h + 3.5h
A17 + 2.5h + 4h
A18 + 2.5h + 4h
A19 + 3.5h + 18h
A20 + 3.5h + 3.5h
A21 + 3.5h + 3.5h
A22 + 2h + 3.5h
+ Positive reaction at the time stated
- No reaction at the time stated
Retesting of previously negative strains of E. coli after re-plating 
on a lactose-free medium
Table 3.5b
Organism
No.
Nutrient Agar 
4- MUG
BCIG
A2 - 18h + 18h
A3 - 18h + 18h
A4 - 18h - 18h
A6 - 18h - 18h
A10 - 18h + 18h
A12 - 18h + 18h
+ Positive reaction at the time indicated 
No reaction after the time indicated
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3.7 Comparison between nutrient agar containing MUG and 
commercially available ’Fluorcult’
The test organisms in this comparison were randomly selected. The media 
used for comparison were nutrient agar plus MUG and "Ruorocult". The 
duplicate cultures were incubated at 37°C and 44°C and examined half- 
hourly for fluorescence and pigment production.
The speed of reaction was compared under two temperature conditions (see 
Table 3.7). The results confirm that the nutrient agar with MUG 
demonstrates a positive reaction more quickly them the Ruorocult. For 
example, the mean time for a positive reaction with nutrient agar and MUG 
was 1.55h at 37°C and 1.50h at 44°C, whilst Ruorocult took 2.67h at 37°C 
and 3.55h at44°C.
From the results demonstrated in Table 3.7, it would appear that the fastest 
reactions were obtained with the simpler (and cheaper) medium, nutrient 
agar with MUG.
3.8 The effect of increasing nutrient levels on the rate of 
hydrolysis of MUG, together with commercially available 
'ChromagaT
In the final experiment involving different experimental media, all available 
isolates of test organisms were used. These were subcultured onto nutrient 
agar, and a single discrete colony from each was inoculated into the 
appropriate medium. The duplicate cultures were incubated at 37°C and 
examined half-hourly for fluorescence and pigment production. Any 
negative culture were incubated for up to 24 hours.
The following media were used for comparison :
Bacteriological agar plus MUG, Bacteriological agar with 1% peptone plus 
MUG, Nutrient agar plus MUG and "Chromagar".
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Comparison of time taken for hydrolysis of MUG and IBDG by 
various environmental strains of £. coli
Table 3.6
Nutrient Agar + M UG j Nutrient Agar + IBDG
Time for positive result 
in 0.5 h intervals
Organism
1.5 2 2.5 3 3.5 4 4.5 24 1.5 2 2.5 3 3.5 4 4.5 24
B1
Citrobacter
freundii
+ +
B 7 
E. coli
+ +
B20 
E. coli
+ +
B22 
E. coli
+ +
B23 
E. coli
+ +
C6 
E. coli
+ +
C 7 
E. coli
Hr +
C8 
E. coli
4* +
C9 
E. coli
+ +
CIO 
E. coli
+ +
C19
Enterobacter
cloacae
+  Positive result at the time indicated 
-N o  visible result at the time indicated
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Table 3.7
Comparison between nutrient agar containing MUG and 
commercially available 'Fluorculf
Nutrient Agar + M UG  j "Fluorocult"
Tim e for positive result 
in 0.5 h intervals
Organism Temp
/°C
1 1.5 2 2.5 3 4 5 1 1.5 2 2.5 3 4 5
A21 
E. coli
37 + +
44 + +
A 27  
E. coli
37 + +
44 + +
A30 
E, coli
37 + +
44 + +
B1
Citrobacter
freundii
37 + +
44 + +
C6 
E. coli
37 + +
44 + +
C 7 
£. coli
37 + +
44 + +
C8 
E. coli
37 + "f
44 + +
C9 
E. coli
37 + +
44 + +
CIO
E. coli
37 + HP
44 + +
+ Positive result first visible at the time indicated
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The three media used in this experiment provide different amounts of 
nutrients, in addition to the MUG as used previously (see Tables 3.8a, 3.8b, 
3.8c). It is notable that the addition of extra peptone or a balance of nutrients 
(as in nutrient agar), to the medium both greatly improved the reaction time.
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Table 3.8a
The effect of increasing nutrient levels on the rate of 
hydrolysis of MUG, together with commercially available 
'Chromagar' for different clinical strains of E. coli
Time in hours for a positive reaction
Organism Agar + 
M UG
Agar+MUG+ 
1% peptone
NA + 
M UG
Chromagar Colour on 
Chromagar
A l E. coli 3 2 2 2.5 blue
A2 E. coli -24 -24 -24 3 pink
A3 E. coli -24 -24 -24 3 pink
A4 E. coli -24 -24 -24 NG
A5 E. coli 24 2 2 2.5 pink
A6 E. coli -24 -24 -24 2.5 pink
A7 E. coli 24 24 2 3 pink
A8 E. coli -24 2.5 2 NG
A9 E. coli 24 2.5 2 2.5 pink
A10 E. coli -24 -24 -24 3 pink
A ll E.coli -24 2.5 2 3 pink
A12 E.coli -24 -24 -24 3 pink
A13 E.coli 4 3 2 4 pink
A14 E. coli 4 4 2 2.5 pink
A15 E. coli 2.5 2 2 2.5 pink
A16 E. coli -24 2 2 3 pink
A l 7 E. coli 4 2.5 4 2.5 pink
A18 E. coli 2.5 3 2 2.5 pink
A19 E. coli 4 2.5 4 4 pink
A20 £. coli 4 2.5 4 3 pink
A21 E.coli 24 2 2 NG
A22 E.coli 24 2 2 3 pink
A23 E. coli 24 3 2 3 pink
A24 E. coli 24 2 2 2.5 pink
A25 E.coli -24 2 2 3 pink
A26 E. coli 24 4 2 3 pink
A27 E.coli 24 2.5 2 NG
A28 E.coli 2 2 2.5 NG
A29 E.coli 2 2 2 2.5 pink
A30 E. coli 24 3 3 NG
A31 E.coli 3 2 2 3 pink
A32 E. coli 24 3 3 2 blue
A33 E. coli 4 4 4 4 pink
A34 E. coli 3 2 2 NG
No reaction at the time stated
NG No growth
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The effect of increasing nutrient levels on the rate of hydrolysis of 
MUG, together with commercially available 'Chromagar' for 
different environmental strains of E. coli (and Citrobacter freundii)
Table 3.8b
Time in hours for a positive reaction
Organism Agar + 
MUG
Agar+MUG
H-1%
peptone
NA + 
MUG
Chromagar Colour on 
Chromagar
B1 Citrobacter freundii 4 2 2 2.5 pink
B2 E. coli 4 2 2 3 pink
B3 E. coli 4 2 2 3 pink
B4 E. coli -24 2.5 2 3 pink
B5 E. coli 4 2 2 2.5 pink
B6 E. coli 24 3 2 2.5 pink
B7 E. coli -24 24 2 3 pink
B8 E. coli -24 24 2 2.5 pink
B9 £. coli 4 3 2.5 2.5 pink
BIO E. coli 4 3 2 2.5 pink
BU E.coli -24 2.5 2 2.5 pink
B12 E.coli 24 4 2 2.5 pink
B13 E. coli 24 3 2 2.5 pink
B14 E.coli 4 2.5 2 2.5 pink
B15 E. coli 24 24 24 4 pink
B16 E. coli 24 2.5 2 2.5 pink
B17 E. coli 24 4 2 2.5 pink
B18 E. coli 24 3 2 NG
B19 E. coli 24 4 2 3 pink
B20 E. coli 24 24 24 3 pink
B21 E. coli 4 2 2 2.5 pink
B22 E. coli 24 24 24 2.5 pink
B23 E. coli 24 3 3 3 pink
No reaction at the time stated 
NG No growth
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The effect of increasing nutrient levels on the rate of hydrolysis of 
MUG, together with commercially available 'Chromagar' for 
different environmental strains of E. coli and various members of 
the Enterobacteriaceae
Table 3.8c
Time in hours for a positive reaction
Organism Agar + 
MUG
Agar+MUG+ 
1% peptone
NA + 
MUG
Chromagar Colour on 
Chromagar
C l E. coli 3 2 2 NG
C2 E. coli 3 3 2 2.5 pink
C3 E. coli 24 24 24 2.5 pink
C4 E. coli 4 2.5 2 2.5 pink
C5 E. coli 4 3 2 2.5 pink
C6 £. coli 5 2 2 2.5 pink
C7 E. coli -24 2.5 2 3 pink
C8 E. coli 3 2 2 2.5 pink
C9 E. coli 24 2.5 2 2.5 pink
CIO E. coli 24 2 2 2.5 pink
C ll E. co/i -24 -24 -24 NG
C12
Klebsiella pneumoniae
-24 -24 -24 2 blue
C13
Enterobacter agglomerans
-24 -24 -24 2 blue
C14
Enterobacte)' cloacae
-24 -24 -24 2.5 blue
C15
Klebsiella pneumoniae
24 -24 -24 2 blue
C16
Enterobacter agglomerans
24 -24 -24 NG
Cl 7
Enterobacter cloacae
-24 -24 -24 2 blue
C18
Enterobacter cloacae
-24 -24 -24 2 blue
C19
Enterobacter cloacae
-24 -24 -24 2 blue
C20
Klebsiella pneumoniae
-24 -24 -24 NG
C21
Enterobacter cloacae
-24 -24 -24 2 blue
C22
Klebsiella oxytoca
-24 -24 -24 NG
Shigella sonnei -24 -24 -24 2.5 blue
No reaction at the time stated
NG No growth
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4.0 Discussion of results
The transformation of the glucuronide substrate is enzymic, so the 
successful detection of the hydrolysis can be expected to be dependant upon 
the activity and concentration of the glucuronidase enzyme. This was 
expected to be proportional to the number of organisms present. From the 
current observations, it can be seen from Table 3.1 that as few as 104 
organisms in the original inoculum will exhibit a positive reaction within 6 
hours at either 37°C or 44°C.
In a range of laboratory organisms (see Table 3.2), only E. coli was found to 
produce glucuronidase and hydrolyse MUG, though there was variation in 
reaction time between the two positive strains at 37°C.
Different isolates of the other non-reacting organisms included in this 
experiment have been found by other workers to produce glucuronidase. 
Kilian and Bulow (1979), Feng and Hartman (1982) found some Shigella 
strains that showed glucuronidase activity; Feng and Hartman (1982) also 
found that some Salmonella spp. also gave a positive response. Perez et al
(1986) found positive results from clinical isolates of Shigella sonnei, 
Enterobacter cloacae, Enterobacter aerogenes and Citrobacter freundii. Dahlen and 
Linde (1973) also found Baderoides spp. producing GUD. Additionally GUD 
activity has been observed in some Gram positive bacteria including 
Staphylococci (Singh and Ng, 1986) but interference by Staphylococci upon 
glucuronidase reactions in liquid media has also been reported (Moberg,
1985).
The next experiment compared the discrimination of the MUG reaction in 
solid and liquid media. A cursory examination of these results (see Table 3.3) 
shows that it takes almost three times as long to detect a positive result in 
the liquid medium. Furthermore, in each series the mean, mode and median 
values are close, signifying that the data are consistent. Since the data were 
obtained at specific time intervals, non-parametric statistical tests were 
employed to test the significance of differences attributable to the various
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Using the Wilcoxon signed rank test, it can be seen that the MUG reaction 
took place significantly more quickly in a solid medium than in a liquid 
medium. This is probably due to the fact that in the case of the solid medium 
the inoculum is confined to a relatively small area in which to react with the 
chromogen. The bacteria within the liquid phase disperse through the media 
and the reaction is therefore more generalised and less defined, thus a 
positive result would take longer to visualise.
It has been found that a temperature of 44°C favours the isolation of £. coli 
from a mixed culture (Dufour, 1977; Waite, 1985). £. coli is a typical 
mesophilic organism with precisely defined range of growth requirements. 
The optimum growth temperature of £. coli in rich complex media has been 
found to be 39°C, the maximum is 48°C and the minimum is 8°C. These 
values are subject to slight strain differences (Madigan et ah, 1997).
Although it was found that the addition of bile salts to a medium containing 
nutrient agar with MUG did not speed up the rate of reaction, at 44°C 
growth was less pronounced (see Table 3.4a). Oxoid, a producer of 
diagnostic reagents, suggests several media for the detection of 
glucuronidase production, but all are coloured and in preliminary tests this 
was found to interfere with the observation of fluorescence.
These media also usually contain lactose, which according to some workers 
(Farber, 1986, Chang et a l,1989, Sarhan and Foster, 1991) interfered with the 
discrimination of MUG hydrolysing colonies. Examples of these media 
include Brilliant Green bile agar which contains 10g/l lactose as well as the 
Brilliant Green, MacConkey agar which contains 10g/l lactose and phenol 
red, and membrane lauryl sulphate broth containing 30g/l lactose and 
phenol red. Entis (1989) stated that 4-methylumbelliferone, the product of 
glucuronidase digestion of MUG, does not fluoresce below pH7, and 
fluoresces best under alkaline conditions. During the growth of E. coli in 
lactose containing media, acid is produced by lactose fermentation, which
treatments.
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decreases the pH. Therefore, before E. coli can degrade MUG, the supply of 
lactose must be exhausted, allowing alkaline conditions to return. This will 
depend upon the number of lactose fermenters in the sample and the rate at 
which these ferment lactose. This may explain the variation in incubation 
times required to give a positive result.
Sarhan and Foster (1991) added lactose to MUG containing media at a 
concentration of 0.5g/l and the appearance of fluorescence was delayed in 
50% of the colonies. Concentrations of 3.0g/l or more of lactose completely 
suppressed the fluorescence for up to 8.5 hours.
When commercially available media to which MUG had been added were 
tested together with a new medium containing 5-bromo-4-chloro-3-indolyl- 
p-D-glucuronide (BCIG), the reaction of the indicator appeared to mask the 
fluorescent reaction. In the case of the BCIG medium, a blue coloration 
indicates a positive result. It does not require UV for its recognition. It is not 
influenced by an end-point indicator reaction, as in the case of MacConkey 
agar, where lactose fermenting organisms cause the colonies to become pink 
in colour on a red plate, or Brilliant Green agar where lactose fermentation 
results in a yellow colony on a green plate. These results are presented in 
Table 3.4b. Members of the Enterobacteriaceae other than E. coli were also 
tested in order to determine whether any of the strains (denoted C14, C16, 
C20, C22) were glucuronidase positive.
These organisms appeared to be non glucuronidase-producers on BCIG 
medium, but gave an ambiguous result on MacConkey agar plus MUG. 
These organisms had previously been negative when grown on nutrient 
agar medium with MUG but without any pH indicator.
E. coli appears to hydrolyse MUG at a fast rate, which could satisfy the 
requirement for a fast and reliable test using E. coli as an indicator of faecal 
contamination. In most cases when a reaction was positive, the MUG 
reaction was faster than that of the BCIG (see Table 3.5a). In addition, 
analysis of these data by the Wilcoxon signed rank test shows that the
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difference is very highly statistically significant.
However, some cultures were persistently negative, even after overnight 
incubation. In order to allow for any lingering inhibitory effect of lactose, 
these were passaged twice onto fresh nutrient agar and further tested on 
overnight incubation with nutrient agar plus MUG and BCIG. These results, 
which are shown in Table 3.5b, indicate that in four cases out of six, BCIG 
medium showed that glucuronidase activity was successfully induced. 
However the MUG reaction remained negative for all six organisms. 
Possibly these two substrates rely on different mechanisms of transport 
across the bacterial cell membrane. The organism denoted A6, while always 
negative to BCIG and MUG, identified positively for E. coli when Chromagar 
orientation agar was used as the substrate.
When standardising the methods, Sterilin 100mm xlOOmm welled 
repliplates were used. Environmental strains of E. coli were tested, together 
with a glucuronidase positive Citrobacter freundii and an Enterobacter cloacae 
isolated from environmental samples (see Table 3.6). Overall, the nutrient 
agar with MUG was slightly faster than same medium with IBDG and as 
accurate in that the positive Citrobacter and the negative Enterobacter were 
determined. However, there was no statistically significant difference 
between the two treatments.
A different selection of organisms, but including the Citrobacter, were then 
tested against MUG in nutrient agar and commercially available 'Fluorocult' 
which contains MUG, at two incubation temperatures (see Table 3.7). No 
organism was found to react more quickly with Fluorocult than with MUG 
in nutrient agar. This was perhaps due to the inhibitory effect of the lactose 
in its formulation, which has previously appeared inhibitory to the MUG 
reaction ( Heizman et at 1988). Systematic analysis enabled the difference 
between the two media to be determined, as well as the effect of 
temperature. There was a significant difference between nutrient agar with 
MUG and Fluorcult at a temperature of 37°C, and this difference became
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highly significant at 44°C. However, each medium analysed on its own 
showed no significant difference due to temperature.
Recently available commercial media, though largely well defined, contain 
numerous adjuncts which may affect the initial isolation of environmentally 
challenged individuals, and an initial isolation phase on a maintenance 
medium may be required (Madigan et al., 1997).
In the final comparison using all available cultures, a comprehensive series 
of comparisons were made. In order to determine the effect of increasing 
nutrient levels on rate of hydrolysis of MUG, it was added to three different 
media: bacteriological agar containing no nutrients, bacteriological agar 
containing 1% peptone, and nutrient agar. Also included in this comparison 
was Chromagar orientation agar (M.Tech Diagnostics Ltd.), which is 
commercially available but of unspecified formulation. Four organisms (A4 
and C ll, C20 and C22) were negative on all media and presumed dead. 
Some organisms did not grow on Chromagar, even though they had given a 
positive result with the other media. If Chromagar alone had been used, this 
would have given a false negative result. Other organisms, specifically those 
which had previously been negative to MUG but had achieved a positive 
result with BCIG, also gave a result with Chromagar. This medium appears 
to be similar to that recently produced by Unipath, which differentiates 
between E. coli, coliforms and other organisms. In the Unipath medium, the 
agar base is non-selective, so that a viable count of micro-organisms can be 
determined. The medium contains two chromogens, one targeted towards j3- 
glucuronidase activity - incorporating a blue chromophore, and the other 
targeting J3-galactosidase - incorporating a pink chromophore. The results 
are clearly differentiated purple E. coli colonies (a mixture of both 
chromophores) and pink for colonies of other coliforms. Other organisms 
remain uncoloured, unlike the Chromagar orientation agar which presumes 
to identify other organisms dependent on their colour reaction. For example, 
according to the literature, Pseudomonas spp. exhibit a brown coloration 
whilst Klebsiella spp. and Enterobacter spp. produce a blue coloration.
90
A disadvantage of the Chromagar Orientation agar found in this 
investigation was that Shigella sonnei exhibited the same colour reaction as E. 
coli, although this pathogen is defined as a class 3 organism and thus more 
of a threat with regard to its toxicity than most strains of E. coli. Also, if 
Chromagar alone had been used, Citrobacter freundii would have identified 
as E. coli, and two strains of E. coli (Al and A32) repeatedly gave an 
ambiguous result. These organisms identified positive for E. coli using the 
MUG criteria, but with the Chromagar medium a blue colour resulted which 
repeatedly led to misidentification as non E. coli. In a potable water sample 
this would identify as non faecally contaminated water.
Compared to the range of colours potentially shown by this medium, it was 
found in these investigations that on hydrolysis MUG gave a cleaT and easily 
discernible result.
Extraction of data on a systematic basis from tables 3.9 a, b and c enabled 
statistical comparisons to be made between treatments within each group of 
organisms in the form of matched series of data.
In assessing the effect of increasing nutrient levels on the speed of hydrolysis 
of MUG, pairs of treatments (columns of data from the tables) were 
compared on a progressive basis using the Wilcoxon signed rank test.
In the case of the clinical A strains, the addition of peptone to bacteriological 
agar showed a highly significant improvement in speed of reaction to MUG. 
However the addition of more nutrients in the form of nutrient agar resulted 
in no further statistically significant improvement over peptone.
In the case of the environmental B and C strains, there was a very highly 
significant difference both between bacteriological agar and bacteriological 
agar plus peptone, and also between bacteriological agar plus peptone and 
nutrient agar. In other words, there was a more graded response to 
increased nutrients.
When assessing the time taken for a colour reaction using Chromagar, it was
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compared with nutrient agar containing MUG. Clinical strains showed a 
faster reaction to the MUG based medium which was found to be 
statistically significant. However, once again environmental strains showed 
a different result: these took a significantly longer time to show a result on 
nutrient agar containing MUG than on Chromagar.
In this investigation, 15% of clinical samples of Escherichia coli could not 
hydrolyse MUG. However, all of the environmental strains were able to 
hydrolyse MUG. Initially it was hoped to perform an analysis of these 
results using the chi2 test, but thds did not prove to be justified, due 
paradoxically to the low numbers (zero!) of MUG negative environmental 
isolates.
Shadix and Rice (1993) observed a frequency of 0-25% MUG negative E. coli 
in environmental water from a variety of sources known to be faecally 
contaminated. Their study attempted to determine whether the number of 
MUG negative E. coli present in environmental waters would invalidate the 
use of MUG based tests. In their evaluation, each isolate was purified and 
enriched at their ideal growth temperature before inoculation in large 
numbers onto the selected media. As (3-glucuronidase is an inducible 
enzyme, nurturing should induce enzyme production. This would possibly 
explain their results, which corroborated those of other investigators 
including Brenner et ah (1993) who found 97.9% positive samples. Shadix 
and Rice (1993) found that 94% of isolates from environmental samples 
were positive at 44°C, and the sites which they studied were from recent 
faecal contamination. Coyne and Schuler (1994) suggested that MUG 
positive strains of £. coli survive longer in the environment than MUG 
negative strains, which may explain some of the differences between the 
results for different environmental samples. Coyne and Schuler (1994) 
studied MUG negative E. coli in Kentucky groundwater and determined that 
0-6% of the E. coli isolates were MUG negative. This observation was similar 
to that of Rice et ah (1990) on enteric isolates from humans, cows and horses. 
Shadix and Rice (1993) found 86% of E. co/i isolates were positive at 37°C,
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while Chang et al. (1989) found only 66% were positive at the same 
incubation temperature.
Chang et al. (1989) suggested that the variation between their results and 
those of other workers could be explained by the fact that the bacteria they 
tested came from healthy individuals. Those of Trepeta and Edberg (1984) 
came from isolated clinical strains and 3-14% were glucuronidase negative, 
while 5-12% of negative strains were noted by Frier and Hartman (1987) 
from strains of E. coli from a water supply, and Mates and Shaffer (1989) 
reported 7-12% negative strains from sea water. All were working with 
MUG in agar. Chang et a l (1989) used MUG with lauryl sulphate tryptose 
which contains 5g/l of lactose which has been reported to interfere with the 
reaction. Chang et al. (1989) suggested that the distribution of glucuronidase 
negative bacteria raises the possibility that the population could be divided 
into two groups of people, those carrying glucuronidase negative bacteria 
and those who carry glucuronidase positive bacteria. Chang et a l  (1989) 
suggested that the differences in results were due to different reporting 
methods and that Moberg (1985), who found glucuronidase positive E. coli 
in every food sample tested (in liquid media), only actually determined that 
in each food sample there were glucuronidase positive E. coli. Chang et a l
(1989) consider that, although the tests for E. coli are simple, they may 
overlook up to one third of the £. coli of faecal origin. But perhaps the 
glucuronidase production capacity of the negative strains had not been 
induced.
Olsen et a l  (1991) suggest that injury, impermeability, lack of gene 
expression or non-use may all account for the MUG negative phenotype in 
E. coli. It may be that intestinal or faecal environments exert less selective 
pressure on the genes involved in GUD production than do other 
environments. Other theories to explain the high proportion of 
glucuronidase negative bacteria, offered by Chang et a l (1989), were that the 
faecal E. coli population of California had an unusually large proportion of 
GUD-negative variants, and that the ethnic origins of the sample donors
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should be a consideration, as well as their diet, lifestyle and hormonal status.
If tube methods were used for the determination of MUG positive E. coli 
strains, then many MUG negative strains might be overlooked, as any 
fluorescence would cause the sample to be scored as positive while masking 
the presence of negatives. Only the sample tubes which receive exclusively 
MUG negative E. coli would be scored as such. Shadix and Rice (1993) 
noted that the ability of some isolates of E. coli to produce glucuronidase in 
lactose based broths was temperature dependant, a temperature of 44°C 
producing the best results. The elevated temperature may prevent 
overgrowth of other bacteria which could mask the result. Rippey et al.
(1987) found that elevated temperature was a selective factor for suppressing 
growth of other naturally fluorescent genera of bacteria.
A high proportion of the isolates of E. coli were found to be glucuronidase 
positive using the BCIG reaction, indicating glucuronidase production in all 
but 2 of the isolates. Although four of the isolates had persistently failed to 
produce glucuronidase when using MUG as the fluorescent substrate, they 
were positive after 18 hours’ incubation with BCIG. These were presumably 
slow glucuronidase producers. Therefore, in total 91 % of the E. coli strains 
tested were glucuronidase positive using BCIG as a glucuronidase indicator, 
but if MUG alone had been used, only 73% would have appeared positive.
All other Enterobacteriaceae collected during the work reported here have been 
examined with nutrient agar plus MUG. With the notable exception of a 
Citrobacter freundii (Bl), which had previously been mis-identified as an E. coli, 
all had proved to be glucuronidase negative - see Tables 3.7 and 3.9b. 
Contrary to the views expressed by Haines et a l (1993), the results of the 
MUG test have been completely reproducible.
Chang et a l  (1989) indicated that one should be aware of the difference 
between clinical and faecal isolates of E. coli and advised caution in using 
GUD to detect faecal £. coli This totally contradicts the findings of Thaller
(1988). Surely most clinical and urinary isolates of E. coli are faecal in origin.
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Chang et a l  (1989) examined 35 samples and found a mean of 34% negative 
glucuronidase producers using MUG as the substrate, though lactose was 
included in the medium. A different substrate may well have led to a 
different result as lactose has already been proven to reduce the production 
of glucuronidase in MUG based media (Farber, 1986 ; Chang et al .,1989, 
Sarhan and Foster, 1991).
The results of Chang e ta l (1989), if confirmed, would imply an unacceptable 
risk of under-estimating E. coli numbers. However, Clark et a l  (1991), using 
two commercial ONPG and MUG preparations, found a higher incidence of 
false negative samples in treated water - 61-81% compared with 12-19% in 
untreated waters. Clark et a l  (1991) attributed these results to incorrect 
identification of £. coli by traditional methods. However, on sub-culturing to 
new media, the incidence of MUG negative strains fell, 85% of the strains of 
E. coli proving positive.
Covert et a l  (1992) showed that some MUG negative isolates regained the 
ability to hydrolyse MUG upon further culture, as the enzyme was induced. 
The study of Rice et a l (1990) confirmed that the vast majority of 
environmental £. coli strains possess (3-glucuronidase and can be rapidly 
detected by using assays for that enzyme. Coyne and Schuler (1994) 
considered that, as MUG negative E. coli are a small fraction of the total 
population, the use of MUG as the primary indicator of faecal contamination 
is unlikely to create significant errors and under-estimate contamination. 
Any test procedure used for the analysis of environmental samples must 
possess the required specificity to identify environmental E. coli from a 
variety of sources.
Taking the results from this study, it can be seen that all of the 
environmental strains have proven to be glucuronidase positive, including 
the mis-diagnosed strain, Citrobacter freundii However the clinical isolates 
support the previously outlined theory that £. coli from human faecal isolates 
have a higher incidence of glucuronidase negativity.
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Thaller et a l  (1988) utilised glucuronidase as one of a series of tests designed 
as a screening and presumptive identification method for Gram negative 
urinary pathogens. These authors found that of all the 141 isolates of E. coli 
tested, 100% were glucuronidase positive using MUG as the substrate. 
However their series of experiments used media containing a dye 
(bromoxylenol blue) and other substrates resulting in a colour change, which 
was found in this study to mask the MUG fluorescent results. This was 
observed when MUG was incorporated with phenol red in MacConkey agar, 
and Brilliant Green as an indicator in the commercially available Brilliant 
Green Bile broth. Thaller et a l  (1988), whose original medium appeared clear 
and green with a yellow positive result, did not have these problems.
Schetts and Havelaar (1991) noted that 14% of E. coli strains examined were 
glucuronidase negative at 44°C. However, 27% of these strains were GUD 
positive at 37°C, and the intensity of fluorescence varied from the dearly 
visible to the very weak. Schetts and Havelaar (1991) found more positive 
results at 37°C. This observation is contrary to those of Chang et a l  (1989) 
who noted that the GUD reaction of some strains was temperature 
dependant. More strains were recorded as positive at 44°C.
One could argue that the results of glucuronidase reactions of hospital 
acquired urinary E. coli may have little relevance, but some workers in this 
field collect their isolates from the Enteric Diseases Centre, U.S.A. (Rice et al, 
1990). Indeed, most urinary and faecally isolated strains of E. coli are 
ultimately expelled to the environment.
Glucuronidase production as a quick and reliable test for the presence of E. 
coli would conform to the criteria of Dufour (1977) who, when discussing 
the requirements for bacterial indicators and their accuracy, advocated that 
it should be of the order of 95%. The performance and value of MUG as an 
indicator cannot be separated from the selective aspects of the medium, 
particularly since glucuronidase activity among heterotrophic bacteria is not 
limited to E. coli (Dahlen and Linde, 1973; Littel and Hartman 1983; Gadelle
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et al.1985). Feng and Hartman (1982) consider that 40-50% of Shigella strains 
and 17-30% of Salmonella strains are the only other principal members of the 
Enterobacteriaceae that also hydrolyse MUG. This does not significantly 
alter or seriously compromise the intended public health significance of 
using MUG as an E. coli based sanitary index as the presence of Salmonella 
and Shigella spp. in a water sample would also indicate faecal contamination 
and thus impotable water.
A number of investigators have noted the difficulty of interpreting results 
when incorporating MUG into agar. Frampton et al. (1988) found that 
diffusion of fluorescence occurred rapidly and that the plates had to be read 
within 12-16h even with the addition of plate dividers. However this was 
overcome in this investigation by the use of Sterilin 100 x 100mm repliplates.
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5.0 Conclusions
This study resulted in the following conclusions:
•  E.coli can be considered the principal organism indicative of faecal 
contamination, as it is simple to culture and identify.
•  Testing for E. coli by the hydrolysis of MUG incorporated into 
bacteriological media was reliable in a high proportion of cases, and 
reached 100% in strains of environmental origin
•  Media containing MUG at a concentration of 50 mg per litre 
demonstrated the presence of glucuronidase faster than the other 
fluorogenic and chromogenic media studied.
•  Incorporation of lactose into the media, and media containing minimal 
nutrients, appeared to reduce the speed of hydrolysis and coloured 
indicators masked the fluorescence.
•  Individual isolated colonies were satisfactory inocula in evaluating test 
procedures.
•  Provided the medium was confined to a limited area, fluorescence 
results were clearly defined and reproducible.
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6.0 Recommendations
This study could be extended in the following ways:
•  Further investigation is required of the mechanisms underlying the 
inability of some strains of E. coli to produce glucuronidase, though all 
contain the uid A gene.
•  In order to reduce the incidence of false negative identifications of E. 
coli using MUG based media, additional alternative enzymic 
identification methods could be investigated.
•  Quantitative automated estimation of glucuronidase activity could 
conceivably be used to provide information about the numbers of 
viable non-culturable organisms in liquid samples.
•  Further work needs to be done to evaluate the numerous recently 
available commercial media and to ascertain their reliability in the 
primary isolation of environmental strains of E. coli.
0  The mechanism underlying the apparent persistence of MUG positive 
strains of £. coli in the environment could be investigated.
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Appendix I
Media Constituents
Nutrient agar (Oxoid) - contents per litre
Lab lemco powder l.Og
Yeast extract 2.0g
Peptone 5.0g
Sodium chloride 5.0g
Agar 15.0g
4-Methylumbelliferyl p-D-glucuronide (when added) 50mg 
Indoxyl-p-D-glucuronide (when added) 50mg
Fiuorocu.lt Gaso agar (Merck) - contents per litre
Casein peptone 16.0g
Soya peptone 5.0g
Sodium chloride 6.0g
Agar 15.0g
Tryptophan l.Og
4-Methylumbelliferyl p-D-glucuronide 70mg
2% Brilliant Green Bile Broth agar - contents per litre
Bacteriological peptone lO.Og
Lactose 10. Og
Ox bile (purified) 20.0g
Brilliant green 0.0133g
Bacteriological agar 12.0g
4-Methylumbelliferyl (5-D-glucuronide (when added) 50mg
MacConkey agar (Oxoid) - contents per litre
Bacteriological peptone 20.Og
Lactose
Bile salts 5.0g
Sodium chloride 5.0g
Neutral red 0.075g
Agar 12.0g
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Plate count agar (Oxoid) - contents per litre
Tryptone 5.0g
Yeast extract 2.5g
Glucose l.Og
Agar 9.0g
0.28% Triphenol tetrazolium chloride is added on cooling to 50°C
Nutrient Broth (Oxoid) - contents per litre
l.Og
2*0g
5.0g
5-Og
Lab lemco powder 
Yeast extract 
Bacteriological peptone 
Sodium chloride
5~Bromo~4-clilorQ-3-indolyl-p-D-gluciU'onide (BCIG) medium
- contents per litre:
ONPG 500mg
Na2S 0 4 40mg
Amphotericin B lmg
Na3H P04 6.2g
MgS04 lOOmg
NaCl 10g -
(NH4)2S 0 4 5g
M nS04 500mg
CaCl2 50mg
k h 2p o 4 900mg
Vancomycin 50mg
Bacteriological peptone
Bacteriological agar 12g
BCIG lOOmg
Statistical analysis - summary
II
Statistical processing- - 
data of Table 3.5a
NA Plate BCIG plate
mean time /h 2.62 4.44
Wilcoxon signed rank test 
for 14 matched pairs
For n=14 TCTit =12 
T=0 <Tcrit 
significant at p<0.005
Statistical processing - 
data of Table 3.6
NA+MUG NA+IBDG
mean time /h 3.62 3.87
Wilcoxon signed rank test 
for 10 matched pairs
Forn=6TCrit =2 
T=6.5 >Tcrit 
Not significant at p>0.05
Statistical processing - 
data of Table 3.7
NA+MUG
37°C
NA+MUG
44°C
mean time /  h 1.55 1.50
Wilcoxon signed rank test 
for 9 matched pairs
For n=7 Ta-it =3 
T=9 >Tcrit 
Not significant at p>0.05
Statistical processing - 
data of Table 3.7
Fluorocult
37°C
Fluorocult
44°C
mean time /  h 2.66 3.55
Wilcoxon signed rank test 
for 9 matched pairs
For n=7 Tcrit =3 
T=4>Tcrit 
Not significant at p>0.05
Statistical processing - 
data of Table 3.7
NA+MUG
37°C
Fluorocult
37°C
mean time /h 1.55 2.66
Wilcoxon signed rank test 
for 9 matched pairs
For n=7 Tcrit = 2  
T=0 <TCrit 
Significant at p<0.025
Statistical processing - 
data of Table 3.7
NA +MUG 
44°C
Fluorocult
44°C
mean time /h 1.50 3.55
Wilcoxon signed rank test 
for 9 matched pairs
For n=8 Tcrit =1 
T—0 <Tcrit 
Significant at p<0.01
Statistical processing - 
data of Table 3.8a
Agar
+MUG
Agar
+MUG+1%
peptone
mean time /h 8.16 2.94
Wilcoxon signed rank test 
for 28 matched pairs
For n=19 Tent =32 
T=1.5 <TCrit 
Significant at p<0.005
Statistical processing - 
data of Table 3.8a
Agar
+MUG+1%
peptone
NA +MUG
mean time /h 2.94 2.37
Wilcoxon signed rank test 
for 28 matched pahs
For n=19 TCTit =32 
T= 33<TCrit
Not significant at 
p>0.005
Statistical processing - 
data of Table 3.8a NA +MUG Chromagar
mean time /h 2.37 2.88
Wilcoxon signed rank test 
for 28 matched pairs
For n=20 Tcrit =37  
T = 35<Tcrit 
Not significant at 
p>0.005
Statistical processing - 
data of Table 3.8b&c NA+MUG Chromagar
mean time /h 3.36 2.64
Wilcoxon signed rani? test 
for 31 matched pairs
For n=24 TCnt =91 
T= 90<Tcrit 
Significant at p<0.05
Statistical processing - 
data of Table 3.8b&c
Agar+IvfUG 
+peptone NA+MUG
mean time / Ii 4.36 3.36
Wilcoxon signed rank test 
for 31 matched pairs
For n=17 TCnt ~23 
T = 0<TCrit 
Significant at p<0,005
Statistical processing - 
data of Table 3.8b&c
Agar+MUG Agar+MUG
+peptone
mean time /h 8.69 4.36
Wilcoxon signed rank test 
for 31 matched pairs
For n=22 Tait =48 
T= 0<TCrit 
Significant at p<0.005
